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Human use of land combined with population increase, poverty, changing economic 
conditions and institutional factors have transformed land cover at an unprecedented 
magnitude on a local to a global scale. Understanding the history of biophysical change of a 
catchment is very important for the present and future catchment management and for the 
successful implementation of different operations in the catchment. Hence, this study aims to 
evaluate the effects of different land use/cover and soil and water conservation practices on 
the hydrology of the Geba catchment over the last 80 years (1935-2014). The study was carried 
out in the North Ethiopian highlands, more specifically in the Geba catchment located between 
13ᴼ16' to 14ᴼ15' North and 38ᴼ38' to 39ᴼ48' East. Historical data on land use/cover, degradation 
and soil and water conservation were obtained from Italian aerial photographs taken in 1930s-
40s, while Google Earth images were used for the 2014 data source. The point count technique 
was applied to determine the fraction of land use/cover types in 1935-36 and in 2014. The 
results have demonstrated significant modifications in the fraction and spatial shifts of land 
use/cover during the last eighty years. Different explanatory factors (topographic, lithologic, 
climatic and proximate) have influenced the spatial distribution of land use/cover. The density 
of gullies and soil and water conservation were measured and a higher density was obtained in 
the present as compared to earlier times. The extent to which the construction of check dams 
has a significant effect on the runoff characteristics (lag time, peak flow and runoff volume) 
in gullies was measured, as well as the potential of exclosures to trap the runoff through spate 
irrigation. Different indices showed that species diversity is increased in irrigated areas as 
compared to non-irrigated areas. The runoff coefficient and river discharge data were obtained 
from earlier research (Descheemaeker et al.,2006; Taye et al.,2013; Amanuel et al.,2013) and 
interpolated based on the actual situations. The development of the conceptual hydrological 
model based on land use/cover and soil and water conservation is important to predict the 
catchment runoff discharge in the absence of the river discharge data. There is a significant 
difference in the runoff generation between 1935-36 and the present with and without SWC 
and also between the scenario (no SWC) and actual condition (with SWC) in 2004-07. Further 
implementation and maintenance of SWC particularly on bare land is suggested to control the 





 1 General Introduction 
1.1 Problem statement  
Land degradation, a decline in land resources quality (MEA, 2005), has been one of the 
principal global concerns in the past and remains high on the international agenda in the 21st 
century because of its impacts on the world food security and the quality of the environment 
(Eswaran et al., 2001). It directly affects the poorest, marginalized and politically weak citizens 
of the world (Mannava, et al., 2007). The statistics regarding the intensity and effects of land 
degradation are variable from place to place not only because of its causes but due to the 
definitions and terminology given and statistics existing on the rates and the extent of 
degradation (Mannava et al., 2007). 
Dryland environments that constitute about 40% of the Earth’s land mass (UNSO, 1997) 
and are home to more than 38% of the world population (Reynolds et al., 2007) are relatively 
prone to environmental degradation due to the recurring drought and shortage of moisture 
which cause low vegetation cover in this region (IPCC, 2014; Reynolds, et al., 2007). 
Recurrent droughts which often affected the sub-Saharan and East Africa (Nicholson, 1989), 
combined with poor economies and utilization of scarce resources in an unsustainable manner, 
have exacerbated the rate and intensity of environmental degradation in a dryland 
environments (Darkoh, 1998). The Tigray region of northern Ethiopia, which has a semi-arid 
climate, has experienced extreme land degradation and failure of crop yields due to shortage 
of moisture and soil fertility (Lanckriet et al., 2015; HTS, 1976; Nyssen et al., 2004a, 2009, 
2015). This problem has continued till a large scale soil and water conservation had started 
during the last quarter of the 20th century, which provided many positive changes (Alemayehu 
et al., 2009; Descheemaecker et al., 2006; Desta et al., 2005; Haregeweyn et al., 2015; Nyssen 
et al., 2009, 2014; Vancampenhout et al., 2006). 
Human use of land for cultivation, livestock grazing, settlement and timber extraction 
(Turner et al., 1994) combined with population increase, poverty, changing economic 
conditions and institutional factors (Lambin et al, 2001), have transformed land at an 
unprecedented magnitude on a global scale. There is a strong agreement between local, 
regional and global studies that the expansion of cropland at the expenses of forests/woodlands 
has become a common phenomenon over the last few decades or centuries, although the scale 
differs in time and space of changes (Abdelgalil, 2003; Goldewijk, 2001; Ramankutty and 
Foley, 1999; Taylor et al., 2002). For instance, in dryland areas of Africa, destruction of native 
forests continued at a significant extent exceeding the reforestation efforts (Abdelgalil, 2003), 
which results in the climate impact’s increase  in the region (Taylor et al., 2002). 
Most often, surface processes (land use/cover change, gully erosion, surface runoff and 
implementation of soil and water conservation) have occurred on large spatial and temporal 
scales in northern Ethiopia (Hurni et al., 2005). However, most existing reports on these 
processes are limited to small scales with some exceptions (e.g. Frankl et al., 2013; Meire et 
al., 2013; Nyssen et al., 2009, 2014). Most of the previous studies on land use/cover in the 
region began from 1960s and were restricted to a small watershed (Alemayehyu et al., 2009; 
Munro et al., 2008; Teka et al., 2013). Different researchers have reported different LUC 
changes (increase or decline) in north Ethiopia over the last half century.In recent years, 
several researchers have documented that shrubland, forest and built-up areas have increased 
while cropland and bare land declined or kept constant compared to the 1960s-1980s 
(Alemayehu et al., 2009; Meire et al., 2013; de Muelenaere et al., 2014; Teka, et al., 2013). In 
contrary other studies indicate a continued deforestation of some parts of north Ethiopa during 
the last few decades (Jacob et al.,2015, 2017; Munro et al., 2008) However, the status of the 
current LUC was rarely compared to the condition of LUC 80 years back in time (1930s). The 
availability of historic data on LUC with a large coverage is useful to understand the current 
and future environmental changes Moreover, research on the identification of important 
explanatory factors that determine the occurrence of LUC in the region is limited. In addition, 
maps of major LUC hardly exist in a large scale catchment (e.g. the scale of this study is ca. 
5142 km2) particularly in the 1930s. A better understanding of the underlying explanatory 
factors of LUC allow reliable predictions and improve scenarios of future environmental 
changes (Lambin et al., 2003). A map with a spatial distribution of LUC on a large scale can 
be used for the prediction and management of the biophysical environment.  
 
Clearance of vegetation and increased pasture and cropland are among the major causes or 
act as an accelerator of gully erosion (Gabris et al., 2003; Munro et al., 2008; Poesen et al., 
2003; Shi and Shao, 2000; Stankoviansky, 2003; Valentine et al., 2005). Catchments affected 
by gullies become unsuitable for cultivation and grazing and also experience increased loss of 
water and sediment (Gabaris et al., 2003; Nyssen et al., 2006; Poesen et al., 2003). Despite its 
important environmental consequences on hydrology particularly in semi-arid mountenous 
regions the assessment of density of gullies, mapping and identifying hotspot areas are rarely 
reported  (Frankl et al., 2013; Valentine et al., 2005; Gabris et al., 2003; Stankoviansky, 2003). 
The high risk of gully erosion threatens the semi-arid region due to the current global warming 
(Valentine, et al., 2005). Recently different conservation measures are initiated to recover or 
combat the environmental deterioration. International conventions such as the United Nations 
Convention to Combat Desertification (UNCCD) that provides a global framework and 
supports the  development and implementation of policy or programme to tackle land 
degradation in dryland regions (UNCCD, 1999). The UN Framework Convention on Climate 
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Change (UNFCCC) is another international convention that aims at mitigating climate change 
through enhancement of land use, land use change and forestry as a reservoir of greenhouse 
gases (UNFCCC, 2006).  
In northern Ethiopia, massive soil and water conservation (stone bund on cropland, check 
dam in gullies, exclosure, hill side terraces, trench water harvesting ponds and reservoirs) have 
been implemented over the last three decades (Descheemaecker et al., 2006; Frankl et al., 
2013; Haregeweyn et al., 2006; Nyssen et al., 2000; 2004b). Despite their extensive 
implementation and effects on hydrological components (Taye et al., 2013; Vancampenhout 
et al., 2006), data on the density and spatial distribution of SWC structures are rare in north 
Ethiopia. Likewise, the density of traditional soil and water conservation (daget) technique 
which were widely used in earlier times (Nyssen et al., 200) is not documented. Data on the 
densities of gullies and SWC structures are very important to identify the hotspot areas for the 
present and future conservation activities and also to use the data in hydrological modeling. In 
north Ethiopia although check dams are widely implemented as a SWC technique to control 
gully erosion (Nyssen et al., 2004b), the extent to which it affects hydrological processes such 
as on peak flow discharge, lag time, runoff volume and infiltration has not been quantified. In 
addition to physical soil and water conservation, exclosure were also extensively implemented 
in north Ethiopia for the rehabilitation of degraded land although their effectiveness is 
constrained by the lack of adequate management activities (shortage of water being in the 
semi-arid region) (Aerts et al., 2002). Neither the spate irrigation with storm runoff on 
vegetation growth in exclosure nor the effect of exclosure on the water balance is well 
understood. 
 
The dynamic process of land use/cover change has a direct impact on the different surface 
processes including land degradation, hydrology (Lambin et al., 2003). The hydrological 
behavior of the semi-arid mountainous catchment is affected by a number of factors including 
topography, soils, vegetation, land use, river morphology, geology and climate (Güntner and 
Bronstert, 2004). Among these factors land use/cover is the most important factor to exert a 
substantial influence on the local, regional and global hydrological processes (infiltration, 
runoff, evapotranspiration, streamflow and ground water recharge) (Arnold and Friedel, 2000; 
Eshleman, 2004; Fohrer, 2001; Kang et al., 2001; Liu et al., 2008; Scanlon et al., 2007). Most 
often, the runoff is higher in semi-arid than in humid regions due to the sparse vegetation cover 
or litter and the physical property of dryland soils to form impermeable soils (Matari, 2007), 
overgrazing of pasture land (Tromble, 1976) and also a high intensity of rainfall (Nyssen et 
al., 2005) which leave the region prone to flood hazards (Matari, 2007). Although many studies 
on runoff influenced by land use/cover and soil and water conservation exist in other parts of 
the world (Dunjo et al., 2004; Kang et al., 2001; Niehoff et al., 2002; Nunes et al., 2011; Huang 
and Zhang, 2004), only few studies dealing with this topic are available in Ethiopia particularly 
in northern Ethiopia (HTS, 1976; Descheemaeker et al., 2006; Mwendera and Saleem, 1997; 
Mwendera et al., 1997; Nyssen et al., 2010; Taye et al., 2013). 
Research works in relation to hydrology most often operate at small scales (i.e. plot scale, 
watershed scale and short time) (Descheemaeker et al., 2006; Nyssen et al., 2010; Taye et al., 
2013). Amanuel et al. (2013) have measured the river discharge of the 10 sub-catchment of 
the Geba basin (large scale with area ca. 5142 km 2) in 2004-07 and determined the runoff 
coefficients for each catchment. The long term environmental history of northern Ethiopia, 
which emphasizes land use/cover, management change and land degradation (gully erosion), 
is explored using terrestrial photographs (Frankl et al., 2011, 2013; Nyssen et al., 2009, 2014, 
Meire et al., 2013). Despite the availability of aerial photography of the 1930s-1940s which 
has recently been rediscovered (Nyssen et al., 2016) and the availability of data on a plot scale 
and the river discharge hydrology, the use of this database for a large scale study of hydrology 
is lacking. Synthesis of data on the responses of catchment hydrology to different catchment 
conditions (land use/cover and SWC) over a long time contributes to the hydrogeomorphic 
studies and for the present and future environmental management in semi-arid mountainous 
environments. Though more geomorphic processes area operated at large scale as compared 
to small scale processes, there are few reports on a large scale (Poesen et al., 1996). The 
understanding on the history of geomorphic processes at a large catchment scale is very useful 
for the present and future strategic decisions.  
 
Figure 1.1 Land use/cover pattern: historical time (left) – Italian aerial photograph in 
January 1935 and present time (right) – Google Earth image (january 2014). 
Location: 13.790604° N and  39.528663° E (West of Wukro town) 
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1.2 Definitions  
Land use and cover 
Land use/cover is classified based on several criteria, depending on the purposes for which the 
classification is to be used. According to Turner et al. (1993) land cover refers to the attributes 
of a part of the Earth's land surface and immediate subsurface, including biota, soil, 
topography, surface and ground water and human structures and land use refer to the purposes 
for which humans are exploiting the land cover. Gregorio and Jansen (2000) described land 
covers as the observed (bio) physical cover on the earth’s surface, and land use as the 
arrangements, activities and inputs people undertake in a certain land cover type to produce, 
change or maintain it. Meyer and Turner (1992) defined land cover as the physical and biota 
character of the land surface and land use as the human employment of land or land cover. 
Examples of some land covers include forest, croplands, grasslands, bare land and settlements 
and examples of land use comprise agriculture, grazing and forestry (Gregorio and Jansen, 
2000).  Different physical soil and water conservations (stone bund, check dam, terraces and 
water harvesting reservoirs) are also types of land use and land cover which are being widely 
observed in northern Ethiopia mainly at the current time. 
Land use is a hybrid category with land cover (Meyer and Turner, 1992), hence in most 
cases land use and land cover are used interchangeably or together (e.g. Asmamaw et al., 2011; 
Schilling et al., 2008). Since one component is linked to the other type, these concepts are most 
frequently utilized interchangeably in the study of land use and cover (LUC) (Green et al., 
1994) but are separated when one intends to discuss the individual effects of land use or land 
cover (e.g. Goldewijk and Ramankutty, 2004; Lambin et al., 2001; 2003; Turner et al., 1994). 
Connecting the two components (i.e. land cover and use), which are the imminent sources of 
change: the physical environment directly changed by human actions (i.e. changes in human 
land use immediately result in land cover transformation (Gregorio and Jansen, 2000; Meyer 
and Turner, 1992). Land use/cover are the most important driving force for the change of 
catchment hydrology (e.g. runoff and river discharge) and the occurrence of land degradation 
(e.g. gully erosion) over a long time period.  Land use/cover influence hydrology by affecting 
the different components of hydrology (interception of raindrops, infiltration, 
evapotranspiration, runoff).  
 
Hydrology  
For a good understanding of the scope of this thesis, it is also necessary to mention the 
definition of hydrology. Hydrology has a wide scope and has provided several definitions. In 
the Oxford English dictionary, hydrology is defined as “the science which treats water, its 
properties and laws, its distribution over the earth's surface, etc”. Viessman and Lewis (2003) 
defined it as the earth science that encompasses the occurrence, distribution, movement and 
properties of the earth’s waters. It is also defined as the geoscience that describes and predicts 
the occurrence and circulation of the earth’s fresh water (Dingman, 2015). The rainfall-runoff 
component of hydrology simulates the physical process by which water is moving from the 
land surface and through the stream network: interception, infiltration, subsurface and overland 
flow and channel flows (Dingman, 2015). This is especially important for predicting the 
streamflow response under the condition other than those for which we have record experience, 
including extreme flood producing rainfall, major land use change such as deforestation and 
urbanization and an altered climate change regime. In our study, the scope of hydrology 
encompasses seasonal precipitation, surface runoff, infiltration and river discharge 
components and the responses of these components to different site or catchment conditions.  
1.3 Objectives and research questions 
The main objective of this study is to evaluate the effects of land use/cover and soil and water 
conservation practices over 80 years (1935-2014) on hydrology in the semi-arid basin of 
mountainous catchment in Northern Ethiopia. This objective was arised from the research 
problems of this study discussed in depth in the previous section (see section 1.2). In this 
section, several research gaps were identified to be focused on among which are the 
insufficient studies on water balance modelling and on the link between hydrology and 
catchment characteristics at large spatio-temporal scale. Also based on these research problems 
a comprehensive research question was formulated as to what level catchment hydrology 
(mainly runoff coefficient and runoff discharge) is determined by catchment conditions that 
are subjected to change over long time period? This general question is built from more detail 
questions which are treated in the main chapters (chapter 2 to 6): How the occurrence and 
density of land use/cover, SWC and gullies changed over long time period? Are check dams 
have significant effect on runoff in gullies? Can diversion of runoff amplify the growth of 
vegetation in exclosure? How modelling of water budget perform with the input of existing 
databases? 
In order to understand the response of catchment hydrology to different land use/cover as well 
as to different soil and water conservation structures in the past and present times it is necessary 
to break down the major objective into specific objectives. By dealing with these specific 
objectives, data on land use/cover and densities of SWC and gully are compiled at the scale of 
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Geba catchment (ca. 5142 km2) while data on the effects of check dams on runoff and on the 
link between runoff and vegetation growth in exclosure are synthesized at selected 
experimental sites in the Geba basin. Building of these database facilitate to solve the problems 
and questions of this study. Hence, the specific objectives are formulated as: 
 
- To quantify and map the land use/cover of the Geba catchment (Northern Ethiopia);  
- To measure and map the density of soil and water conservation and gully density in 
the Geba catchment; 
- To quantify the runoff response to check dam construction in gully reaches; 
- To evaluate the impact of gully runoff diverted to exclosure on vegetation growth 
and discharge; 
- To calibrate and model water budget based on land use/cover and soil and water 
conservation database and predict budget for 1935-36 and a hypothetical current 
scenario without SWC.  
It is aimed that understanding the response of hydrology to land use/cover change and soil 
and water conservation (e.g. stone bund, check dam) contribute in the present and future 
management of land use/cover and soil and water conservation, water harvesting and control 
of runoff.` 
 
In order to answer the research questions and to achieve the objectives of this study the 
following actions were necessary they are explained in detail in the subsquent chapters:  
- to count the land use/cover, soil and water conservation, gullies on Italian APs and 
Google Earth images of 2014 
- to quantify the runoff discharge from runoff data at the upper and lower section of 
gully reaches 
- to develop the raster data sets containing different variables (topographic, , lithology, 
soil type, distance to town and road, population density) 
- to verify the land use/cover and soil and water conservation through ground control 
points and Google Earth images 
- to measure and to analysze the vegetation growth parameters in exclosures 
  
-  
1.4 Thesis outline 
General introduction 
Part 1: Land use, cover and management 
dynamics 
Chapter 2: Changes in land use/cover mapped 
over 80 Years  
Chapter 3: Changes in gully soil and water 
conservation structure densities in north Ethiopia 
in over the last 80 years 
Part 2: Impact of conservation 
measures  
Chapter 4: Effects of check dams on 
runoff characteristics along gully 
reaches 
Chapter 5: From runoff contributor to 
runoff absorber: spate irrigation on 
exclosures 
Part 3: Water balance modeling 
Chapter 6: Catchment runoff response as impacted by land use/cover, soil and water 
conservation 
Part 4: General discussion and conclusion  
1.5 Study area selection 
The study area, the Geba basin, is situated in the Tigray Regional State, North Ethiopian 
highlands, between 13ᴼ16' to 14ᴼ15' North and 38ᴼ38' to 39ᴼ48' East.  The Geba River drains 
an area of 5142 km2 with elevations ranging from about 900 m a.s.l. at its outlet in the 
southwest to 3300 m a.s.l. at its origin in the North. The Geba River is the tributary of the 
Tekeze River, which joins the Atbara and the Nile River in Sudan. 
The study area has been selected for two major reasons. The first reason is the availability 
of a large dataset in the catchment that can be used for a long term study on land use and cover, 
land degradation, land management and hydrology. It has 15 weather stations in and around 
the catchment most of which have an age of more than 30 years even up to 60 years at the 
Mekelle Airport but with several missing data. Other datasets include the Italian Aerial 
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photographs of the 1930s – 1940s, which recently been discovered by Nyssen et al. (2016), a 
lithological map (Tesfamichael et al., 2010), the river discharge (Amanuel et al., 2013), a soil 
map (Tielens, 2012), the plot scale runoff (Descheemaeker et al., 2006; Taye et al., 2013) and 
many other data on land use, degradation and  management (e.g. Frankl et al., 2013; Teka et 
al., 2013; Alemanyehu et al., 2009; Nyssen et al., 2002, 2006; 2009; 2014). The second reason 
for the selection of the Geba catchment is due to its representability for the Northern Ethiopian 
Highlands in terms of its bio-physical characteristics (i.e. climate, geology, soils, topography 
land use and cover). The Geba catchment is characterized by diversified bio-physical elements. 
Chapter 2, 3, 5 of this thesis cover the entire catchment while Chapter 4 and 6 refer to the 
experimental sites around Hagere Selam (Figure 1.2). 
 
The study area will be described in detail in each main chapter of this thesis. 
 
 
Figure 1.2 Location of the study area 
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 2 Changes in land use/cover mapped over 80 
Years  
  
This chapter is based on  
Etefa G, Frankl A, Zenebe A, Lanckriet S, Demissie B, Zenebe G, Poesen J, Nyssen J. 2017. 
Changes in Land use/cover mapped over 80 Years in the Highlands of Northern 





Despite many studies on land degradation in the Highlands of Northern Ethiopia, 
quantitative information regarding long-term changes in land use/cover (LUC) is 
rare. Hence, this study aims to investigate the LUC changes in the Geba 
catchment (5,142 km2), Northern Ethiopia, over 80 years (1935 – 2014). We used 
134 aerial photographs (APs), which have been taken during the 1930s and 
compared these afterwards to Google Earth (GE) images (2014) so as to detect 
changes. Five supplementary locations were included from earlier LUC studies, 
which were not covered by the 1930s APs. The point-count technique was utilized 
by overlaying a grid of 18 x 15 points on APs and GE images representing the 
same area. The occurrence of cropland, forest, grassland, shrubland, bare land, 
built-up areas and water body was counted to compute their fractions. A 
multivariate adaptive regression spline (MARS) was applied to identify the 
explanatory factors of LUC and to create fractional maps of cropland, shrubland 
and forest. The results indicate significant changes of most types, except for forest 
and cropland. In the 1930s, shrubland (48%) was dominant, followed by cropland 
(39%). The fraction of cropland in 2014 (42%) remained approximately the same 
as in the 1930s, while shrubland significantly dropped to 37%. Forests shrank 
further shrunk from a meagre 6.3% in the 1930s to 2.3% in 2014. High overall 
accuracies (93% and 83%) and strong Kappa coefficients (89% and 72%) for 
point counts and fractional maps respectively indicate the validity of the 
techniques used for LUC mapping. These distributions are explained by 
environmental and socio-economic variables. 
 
Key words: Fractional map, Google Earth, land use/cover, Multivariate Adaptive 






Through the past centuries and decades, land use/cover (LUC) has transformed (on different 
spatial scales) across the world (FAO, 2010; Lambin et al., 2003; Lepers et al., 2005; Maitima 
et al., 2009), including Ethiopia (Alemayehu et al., 2009; Asmamaw et al., 2011; Byragi and 
Aregai, 2011; Emiru et al., 2012; Meire et al., 2013; Mengistu et al., 2012; Muelenaere et al., 
2014; Tefera, 2011). Developed regions had their strongest land use/cover change during the 
19th century, while most of the developing regions experienced the largest transformation at 
the end of the 20th century (Goldewijk, 2001).  
 
Changes of LUC include both an increase and decrease in the area occupied by a particular 
land use type on different spatio-temporal scales. On global and regional scales, an increase of 
the cropland area has been a common phenomenon at the expense of the forest and shrubland 
area during the last few centuries (Goldewijk, 2001; Goldewijk and Ramankutty, 2004; 
Ramankutty and Foley, 1999). On local scales, e.g. Northern Ethiopia, an increase of the forest 
area, a decrease of bare land and the grassland area and an approximately constant cropland 
area have been reported during the last 2- 3 decades (Alemayehu et al., 2009; Byragi and 
Aregai, 2011; Meire et al., 2013; Muelenaere et al., 2014; Teka et al., 2013). In Northern 
Ethiopia, severe land degradation occurred until the large-scale implementation of soil and 
water conservation (SWC) measures, that started in circa 1991 (Frankl et al., 2011b; Hurni and 
Wiesmann, 2010; Nyssen et al., 2004a). Forests which once covered large country areas 
vanished, although there are no reliable data on the original forest cover, about which many 
speculations exist (Pankhurst, 1995; Woien, 1995). 
The explanation of the causes of land use/cover change extends from simple to multiple 
factors and their complex interactions occur on different spatial and temporal scales (Lambin 
et al., 2001). The rapid population growth, changing economic conditions and institutional 
factors, local and global uses are identified as the main factors for the transformation of the 
earth’s surface on a global scale (Lambin et al., 2003; Lambin et al., 2001; Turner et al., 1994). 
The agriculture-based economy (Nyssen et al., 2004a), low income (FAO, 2011; Kidane et al., 
2010), rapid population growth (CSA, 2008) and recurrent drought occurrences are assumed 
to be the prominent drivers for the land cover changes in the Tigray region.  
Despite the presence of ancient human settlements and agricultural practices in Northern 
Ethiopia (Bard et al., 2000; Nyssen et al., 2004a), the long-term evolution of change in land 
use/cover has received a little attention in the region, particularly on a local scale. Although 
some studies on land use/cover change are available in the region, (e.g. (Alemayehu et al., 
2009; Byragi and Aregai, 2011; Muelenaere et al., 2014; Munro et al., 2008a; Teka et al., 
2013), they all cover the period from 1965 to 2014 and generally focus on small catchments. 
Nyssen et al. (2009b) and Meire et al. (2013) have compared the land use type and 
environmental changes in the region by using repeated historical terrestrial photographs over 
140 years (from 1868 to 2008). Despite the wide application of terrestrial photographs for the 
study of land use/cover changes, the inaccessibility of remote sites constrains the spatial 
representation of terrestrial photographs as compared to aerial photography and satellite 
images. 
Earlier reports on land cover, e.g. vegetation cover, are based on subjective descriptions and 
cause inconclusive reports on the original cover and deforestation rate in Ethiopia (Woien, 
1995). In this regard, the shortage of historical datasets on land use/cover is claimed as a 
problem to measure the long-term environmental changes. Although the 1930s Aerial 
Photographs (APs), which are the oldest aerial photographs of the region taken during the 
Italian occupation of Ethiopia (1935 – 1941) (Nyssen et al., 2016a), are available, they have 
rarely been used to compare the historical land use/cover with the current situation. An 
exception to that is the local study by Frankl et al. (2015). These Italian aerial photographs are 
important historical datasets for spatio-temporal analyses of land use, cover and management 
(Nyssen et al., 2016a). Aerial photographs taken for military purposes during the World War 
II have been widely used for civilian purposes, such as land use change studies (Zeimetz et al., 
1976). 
Long-term data are required for reliable land use/cover change assessments and 
quantifications (Lambin et al., 2003). A good knowledge of historic land use trends with 
adequate coverage is important so as to understand the current and future developments 
(Goldewijk, 2001). A better understanding of the distribution of land use/cover allows reliable 
predictions and improves the scenario of future environmental changes (Lambin et al., 2003). 
Large-scale land use/cover changes can have substantial biophysical consequences and 
influence the water balance of a catchment, which in turn determines the economic 
development activities (e.g. dam construction, ground water use) in the area. Moreover, the 
map of LUC on the scale of the Geba catchment (ca.5,142 km2), Northern Ethiopia, particularly 
in the 1930s, which is very important for the analysis of environmental changes over a long 
period. The Geba catchment is characterized by diversified bio-physical elements. Hence the 
study area was selected due to its representativeness for the Northern Ethiopian Highlands in 
terms of its bio-physical characteristics (i.e. climate, geology, soils, topography and land 
use/cover). Therefore, this study aims: 1) to quantify the long-term LUC changes of the Geba 
catchment (5,142 km2), Northern Ethiopia, by comparing the areal fractions of the different 
LUC classes on the oldest aerial photographs (1935 – 1936) to the Google Earth images of 
2014 2) to analyze the major explanatory factors, which determine the LUC occurrence in the 
two different periods, and 3) to create fractional maps of the major LUC of the Geba catchment 
in the 1930s and in 2014. 
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2.2 Materials and methods 
2.2.1 Study area 
The study area, the Geba catchment (Figure 2.1), is located in the Tigray region, North 
Ethiopian highlands, between 13ᴼ16' to 14ᴼ15' North and 38ᴼ38' to 39ᴼ48' East. The topography 
of the catchment was obtained from the DEM-SRTM data with a 30 m x 30 m resolution 
(USGS, 2016). It covers an area of 5142 km2 with elevations ranging from about 900 m a.s.l. 
at its outlet in the southwest to 3300 m a.s.l. near Adigrat in the north. The Geba River is one 
of the major tributaries of the Tekeze River which finally joins the Atbara River and the Nile 
in Sudan (Figure 2.1). 
 
 
Figure 2.1 Oro-hydrography of the Geba catchment and flight lines of Italian aerial 
photographs 
 
The Geba catchment is characterized by a diversified geology: precambrian basement, 
palaeozoic and mesozoic sedimentary rocks, tertiary volcanic rocks and quaternary deposits 
(Tesfamichael et al., 2010a). Steep volcanic mountains with sharp cliffs and plateaus, deep 
gorges, rugged terrain and rock outcrops characterize the catchment (Billi, 2015; 
Tesfamichael, 2009; Tesfamichael et al., 2010a). The slope gradients of the study area range 
from 0% to nearly vertical (Figure 2.4B). A larger part of the catchment (55%) is classified as 
sloping (6% – 15%) and over 30% is steep (>15%) while most of the flat areas are found 
around Mekelle, Wukro, Sinkata and Atsbi accounting for only about 15% (Tesfamichael, 
2009; Tielens, 2012b). Lithologic and topographic relations are very important factors for 
explaining the soil type distribution (Van de Wauw et al., 2008; Tielens, 2012). The dominant 
soils of the catchment include Leptosols, Cambisols and Regosols, with the most developed 
and deepest soil types on gentle slopes (Vertisols, Luvisols, Cambisols) (Nyssen et al., 2008a; 
Tielens, 2012b). Soil erosion, landslide and deposition  processes in the catchment result in 
the formation of young soils particularly on foot slopes (HTS, 1976b; Nyssen et al., 2008a; 
Van de Wauw et al., 2008). On steep slopes and plateaus, shallow soils (like Leptosols) and 
bare rock are found, while more fine-textured soils with alluvial, stagnic or vertic properties 
are found in the valley bottoms (Tielens, 2012b). 
The Geba catchment has a tropical and semi-arid climate with a bi-annual rainfall 
distribution (“belg” = small rain and “kremt” = main rain season). The main rainy season, 
which accounts for circa 80% of the annual precipitation is short, restricted to mid-July - early 
September, but is characterized by intense showers and large drop sizes (Nyssen et al., 2005); 
(Virgo and Munro, 1978). The rainfall is highly variable with an annual depth between 555 
mm and 1200 mm. It is mainly determined by topographical factors such as the slope aspect, 
general orientation of the valley and slope gradient over longer distances (Nyssen et al., 2005), 
but lacks a significant correlation to the elevation (Amanuel, 2009b; Gebresamuel et al., 2010a; 
Nyssen et al., 2005; Taye et al., 2013b; Vanmaercke et al., 2014; Virgo and Munro, 1978). The 
annual evapotranspiration depth of the Geba catchment exceeds the precipitation depth, except 
during the rainy season, ranging from 905 mm to 2538 mm (Hadush, 2012).The mean annual 
maximum average air temperature ranges from 21 to 31 ºC and the mean annual minimum air 
temperature ranges from 3 to 16 ºC (Araya et al., 2010b) whereas the monthly average varies 
between 12 and 19 ºC. 
The economy of the rural communities (85% of population) depends on agriculture, hence 
cropland dominates land use followed by bushland and bare land (Amanuel, 2009b; 
Gebresamuel et al., 2010a; Taye et al., 2013b). Rangeland is mainly found on steep slopes and 
very degraded due to overgrazing. The study area has lost its native forests a long time ago 
(Aerts et al., 2016a; Gebru et al., 2009; Nyssen et al., 2004a) and the remnant patches of forests 
are usually limited to inaccessible areas and around churches (Aerts et al., 2016a; Gebru et al., 
2009; HTS, 1976b; Munro et al., 2008a). Over the last century, the Tigray region (including 
the study area) has faced various man-made and natural problems at different times. The war 
(by the Italian) in the 1930s in which chemical weapons were used, famines and population 
displacement due to the drought and civil war (1974 – 1991) (Lanckriet et al., 2015) and the 
peak land degradation from the 1930s to the second half of 20th century (Nyssen et al., 2014) 
were among the major shocks which took place in the region. Over the last few decades, 
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massive soil and water conservation activities including afforestation had been organized in 
Northern Ethiopia in order to reverse the environmental degradation (Descheemaeker et al., 
2006a; Frankl et al., 2011b & 2013; Munro et al., 2008a; Nyssen et al., 2008b; Nyssen et al., 
2004a; Taye et al., 2013b; Vancampenhout et al., 2006). 
2.2.2 Land use/cover analysis by the point counting method 
Remote sensing products such as Aerial Photographs (APs) and satellite images have been 
widely used to assess land use/cover changes and for natural resource inventories in Northern 
Ethiopia (e.g. (Alemayehu et al., 2009; Teka et al., 2013). Despite its obvious importance for 
the study of land use, the 1930s photography, which represent the oldest APs of Ethiopia 
remain underutilized in Ethiopia (Frankl et al., 2015b; Nyssen et al., 2016a), mainly due to 
their recent rediscovery. The Italian Military Geographical Institute (IGM) took these black 
and white APs with a scale ranging from 1:11,500 (nearly vertical photograph) to 1:13,000 – 
1: 18,000 (oblique photographs) during the Italian occupation of Ethiopia (1930s – 1940s) and 
the sets were recovered by (Nyssen et al., 2016a). These APs cover large areas of Northern 
Ethiopia, including parts of the Geba catchment except the eastern and northern part of the 
catchment.  
These Italian APs were taken using multi-cameras, so as to expose four photographs (one 
vertical, two low oblique and one high oblique simultaneously across the flight line (Frankl et 
al., 2015b; Nyssen et al., 2016a). Due to the obliqueness of these photographs and small areas 
covered by the stereo pairs of the vertical photographs, creating orthophotographs from these 
photographs using the conventional photogrammetry method is difficult to apply on large 
regions (Frankl et al., 2015b). 
Alternatively, the point counting approach allows to extract information easily and to estimate 
the fractions of land use/cover from the APs as applied by e.g.\(Bellhouse, 1981; Daniels et 
al., 1968). In this technique, different land covers that occur under the points of a grid 
superimposed on an area are being identified and counted (Bellhouse, 1981). This technique 
has been chosen for resource assessment and to examine land cover and use changes (Saebo, 
1983; Shockey, 1969; Zeimetz et al., 1976). Hence, we applied this point counting technique 
on Italian aerial photographs to assess the fraction of LUC in 1935-36, while the land use/cover 
data in 2014 were obtained from Google Earth imageries captured in the same season 
(December to February) as the APs. The Google Earth images of the study area for the period 
from December 2013 to February 2014 are based on Pleiades 1A and Pleiades 1B satellites (2 
m resolution) and SPOT 6 satellite (1.5 m and 6 m resolution). 
  
 













Land under settlement, roads 
Cropland 
Cultivated land (irrigated and non-irrigated) 
including open and regularly ploughed with or 
without shrub or tree line (boundary) and 
scattered trees, fallow with and without 
bushes/trees. 
Forest 
Land covered with dense trees or open; 
woodland; riparian trees, plantation (large 
scale and woodlot), church forest  
Grassland 
Land covered with grasses used as grazing 
area  
Shrubland 
Land covered with bushes: open, open with 
trees, dense, dense with trees, exclosures  
Water 
body 
Land covered with water: lake, pond, river 




Average elevation at different locations 
DEM-SRTM 30 m 
x 30 m resolution  
Slope (%) Average slope gradient on different locations. 
DEM-SRTM 30 m 
x 30 m and rescaled 






Soils suitable for cultivation, well to perfectly 
drained, fertile, moderately deep to deep soil. E.g. 
Vertic Cambisols, Calcaric Vertisols, Vertic 
Phaeozems 
Tielens et al. (2012) 
SMS 
Soils moderately suitable for cultivation, shallow to 
moderately deep, moderate fertility, moderately 
drained. e.g. Eutric Regosols, Eutric Cambisols, 
Calcic Luvisols, Calcaric Cambisols 
SNS 
Soils not suitable for cultivation, very shallow, rock 




Volcanics (intrusive and extrusive): Trap series; 
Mekelle dolerite. Contain wide range of minerals, 
which enhance the growth of trees and crops. 





Sedimentary rock dominated by calcium carbonate: 
metalimestone; Antalo limestone; Agula shale. The 
land has a dry aspect because of karst and high 
infiltration. 
LSNC 
Sedimentary rocks (non-carbonate): slates, 
metavolcanics; Edaga Arbi glacials; alluvium. 
Fine-texture, results in slow infiltration and 
relatively fertile soils. 
LSS 
Sandstones: metaconglomerate; major intrusive 
(these are granites); Enticho sandstone; Amba 
Aradom sandstone; Adigrat sandstone. These rocks 
have a coarse texture, silica dominated. Sandy 
weathering materials where water will easily 
infiltrate; the domination of Si further makes that 





Population density in 2010 CIESIN, 2016 
DT 
(km) 
Distance to towns in 1930s (DT30 and distance to 




Distance to roads in 2014  
 
For the assessment of LUC, a point grid with 270 points (18 x 15 points) with a spacing of 
circa 130 m between the points (Figure 2.2) was superimposed on the scanned vertical and one 
oblique AP and GE whose area ranges from 2.39 km2 to 12.36 km2 with an average area of 
4.66 (±1.72) km2. The size and location of GE is approximately the same to the APs. The grid 
point density was chosen in order to maximize the probability of recording all major land 
use/cover classes in the target areas. The size of these points is approximately 30 x 30 m on 
the ground and they were made transparent (Figure 2.2) to allow visibility of the land use/cover 
classes under these points so that the land use/cover category can be identified easily. When a 
mixed land use/cover was encountered in the points the dominant class had been recorded. In 
total, 134 aerial photographs, which cover about 12% of the study area, taken along 15 flight 
lines fairly distributed over the study were used (Figure 2.1). To cover the northern and eastern 
part of the study area where APs do not exist (Figure 2.1), five additional locations were 
selected where data were available for land use/cover in 1965 for Dergajen, Hadnet and Sinkata 
(Teka et al., 2015) and for upper Agulae watershed (Alemayehu et al., 2009) and known 
(permanently forested) places in Dessa’ throughout the twentieth century. We assumed that 
the 1965 interpretation was the best (though not perfect) supplement for the missing Italian 
APs of that area, while the error of using the 1965’ information for the 1930s LUC condition 
is assumed to be small. Hence, sample locations were well represented by the dominant agro-
ecological zones and lithologies of the study area (Figure 2.3).  
 
Figure 2.2 An example of a point grid superimposed on: a) aerial photograph of January 3, 
1936 with coordinates of the centre of vertical photo 13.561547° N and 
39.024014° E (i.e. south of Abiy Adi); b) Google Earth image of January 4, 
2014. Significant conversion of land use/cover occurred at this location as 
shown by: c) terrestrial photo around grid point N16 where land cover changed 
from dense forest in 1936 (d) to open forest in 2014 (e), and f) terrestrial photo 
around grid point F12 where land cover changed from open forest in 1936 (g) to 




Land use/cover categories on APs and GE were counted on the screen by three experts. The 
experts had to count the different APs and GE in order to do the point counting in a relatively 
short time. Key were prepared for this counting (Table 2.2) (appendix A1). Important photo 
interpretation elements such as pattern, shape, association, tone and location of LUC were used 
to count each LUC (Loelkes et al, 1983).  
 







 X Impossible to interpret (clouds, damage to 
photo, poor scan quality) 
 
 U Unsure, Unknown land cover class   
Bare land B 
 




C0 Cropland fallow (scattered small shrubs)  
C1 Cropland (open, regularly ploughed)  
C2 Cropland with shrub or tree line (on lynchet 
or boundary) 
 
C3 Cropland with scattered trees  
Forest  
 
F0 Forest – open; woodland  





















S0 Shrubland – open  
S1 Shrubland – open – with trees  
S2 
S3 
Shrubland – dense 
Shrubland – dense – with trees 
 
   
Water 
body 




Seven common land use/cover classes, forest, shrubland, cropland, grassland, bare lands, 
water bodies and built-up areas are considered in this study (Table 2.1). All classes were 
defined before counting (to check for subjectivity errors that can result from the experts who 
are involved in the counting of land use/cover points). The detail LUC classification has been 
used as a key to classify these major LUC (Table 2.3). 
  
Figure 2.3 Proportion of elevation (classified based traditional agro-ecology) and lithology 
for the observed and predicted maps. For explanation on variables see Table 2.1. 
2.2.3 Explanatory factors for LUC changes 
Climatic variations, geomorphic settings and socio-economic effects are among the major 
explanatory factors of land use/cover occurrences. Northern Ethiopia is characterized by a 
large climatic and biophysical heterogeneity. Potential environmental factors believed to 
influence the land use/cover occurrences and changes in the Geba catchment are climate 
(precipitation, air temperature, evapotranspiration) and topography (elevation, slope), 
lithology and soil types. Despite the availability of long-term climate data in meteorological 
stations in and nearby the study area, a further analysis regarding the effects of climate 
variables on the distribution of LUC is not done in this study as the interpolation of the point 
meteorological data resulted in large errors due to the strong topographic effects on the rainfall 
distribution. Other existing databases for spatial rainfall data (e.g. Rainfall Estimate (RFE), 
from the National Oceanic and Atmospheric Administration Climate Prediction Centre 
(NOAA-CPC)) was checked if it can be used but the validation of this database using the 
meteorological stations has resulted in a weak correlation (R2 = 0.38, n = 15) (Figure A3-1). 
But climatic variables have a strong correlation with topography (such as elevation and slope) 
which are used as explanatory factors. 
 
The physical and chemical properties of different lithologies (Hahm et al., 2014) and soil 
types (Eswaran et al., 2003; IUSS, 2015) play an important role in plant growth, particularly 
for crop production. A lithological map of a part of the Geba catchment was created by 
(Tesfaye and Gebrethadik, 1982) and recently for the entire catchment by (Tesfamichael et al., 
2010a). In order to analyze the effect of lithology on land use/cover distribution, the detailed 
classification of the catchment was grouped into four major lithological categories based on 
their mineral composition and physical properties (Table 2.1). The soil map of the study area 
produced by (Tielens, 2012b) was used for this study by grouping the soils in to three major 
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classes based on their suitability for crop production or plant growth (Figure 2.4A, Table 2.1). 
This suitability classification was done using the soil structure, soil drainage and depth 
characterization of each soil unit (Tielens, 2012b). 
 
Figure 2.4 Geba catchment showing: A) lithology (extracted from Tesfamichael et al., 
2010; Tesfaye and Gebretsadik, 1982) and soil suitability for cultivation (based 
on Tielens, 2012); B) slope gradient extracted from DEM – SRTM (USGS, 
2014). AP: Location  of Italian aerial photo. 
 
Socioeconomic variables which anticipate to influence the land use/cover occurrence are 
mapped for the Geba catchment and are to be used in the land use/cover modelling. Population 
density, distance to main roads and distance to towns are the variables used to investigate if 
socio-economic factors are affecting land use/cover occurrences. Town is defined as an urban 
settlement with different facilities, businesses and social service centres (e.g. shop, market, 
school, healthcare, church, etc.) and with a size larger than a village. In our case, it also 
includes the city (e.g. Mekelle city). Road refers to the road for vehicles which was probably 
built during the Italian invasion in the region (1940s). The population density map for 2014 at 
1 km grid was extracted from the Centre for International Earth Science Information Network 
(CIESIN, 2016). Mapping the distance of cells to main roads and towns in 2014 was based on 
the Google Earth database (January 10, 2014), while the map of distance to towns in the 1930s 





Figure 2.5 Maps of socio-economic variables. 
2.2.4 Accuracy assessment of the point counting method and spatial 
map 
An accuracy assessment was necessary so as to evaluate the validity of points counted from 
APs and GE images. Confusion (error) matrixes (Congalton et al., 1983; Hoffer, 1975) were 
prepared for the point counting and the fractional mapping accuracy measurements. For the 
accuracy assessment of the point counting 275 ground control points that correspond to the 
points counted on APs/GE were randomly selected from 55 APs (i.e. 3 – 7 points per photo) 
and used for verification of both the1930s and 2014 land use/cover. For the 1930s land 
use/cover, the verification was done based on the information obtained from old people who 
have lived in the area and have information on the historical land use/cover (from their 
parents). For 2014, field observations were made to validate whether the different land 
use/cover types were correctly identified on the screen. The assessment of accuracy of the 
fractional maps of the dominant land use/cover of the study area was done using the Google 
Earth image (Fritz et al., 2009; Bastin et al., 2013; Annys et al., 2016). Using the 2 km x 2 km 
grid, 233 points have been randomly selected utilizing ArcMap from the map of the Geba 
catchment. Then the values of the different land use/cover maps of 2014 corresponding to the 
random points were extracted. Based on these values the dominant LUC at each random point 
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was selected and contrasted the dominant LUC in the corresponding point in the fractional 
maps. The same random points were overlaid on the 2014 GE image so as to count the classes 
that were correctly allocated to the map. The dominant LUC in the random point corresponds 
to a 1.5 x 1.5 km pixel on the fractional map, while the observation on GE was just at a point 
which can result in the error of disagreement by selecting the non-dominant class. An accuracy 
check for the historical land use/cover map could not be made as no field database exists. 
2.2.5 Data analyses  
The fractions of the land use/cover classes, described as the density or weight of land 
use/cover, were calculated for each scene (AP and GE) as the ratio of the total number of points 
for each class to the total number of points of all land use/cover counted per AP/GE (Daniels 
et al., 1968). Points where the land use/cover is unknown or invisible on APs due to the clouds 
or damage of the photographs were excluded from further analyses and the corresponding 
points on GE omitted, too. The significance of the differences in the fraction of each land 
use/cover type between the 1930s and 2014 were tested by using the Mann-Whitney U test (α 
= 0.05), while the significance in the frequency of spatial distribution of LUC across the sample 
area (scene) was checked by using the Chi-square test (α = 0.05). The spatial distribution of 
LUC refers to the binary description of the LUC occurrence (i.e absence or presence) in the 
sample scene. A change matrix was prepared between LUC in 1930 and 2014 so as to analyze 
the transformation of LUC in 2014 as compared to the 1930s (i.e. how different land use/cover 
replaced each other over a long time period). 
Rasters of the selected explanatory factors with a resolution of 1.5 x 1.5 km were used in 
order to fit approximately to the scale from which the LUC data were obtained from the APs 
and GE images (ca. 4.66 km2). This grid size was selected based on the smallest scene (2.4 
km2), so that all observations have at least 1 cell. Average values of different explanatory 
factors at the location of all scenes were extracted from their spatial maps created for the Geba 
catchment. After checking the non-linear relation (using multiple linear regression) between 
land use/cover and the explanatory factors, Multivariate Adaptive Regression Splines (MARS) 
(Friedman, 1991), a non-parametric regression was used to model the land use/cover classes. 
It is a stepwise (forward and backward pass) method and a powerful and flexible non-
parametric regression for modelling the complex multivariate datasets (Friedman, 1991)widely 
applied in various disciplines including the LUC change studies (e.g. Quiros et al., 2009; 
Tayyebi and Pijanowski, 2014). It uses the basis functions as predictors in place of the original 
data by breaking the data into different regions for fitting. The generalization of the model is 
checked using the Generalized Cross Validation (GCV) and by its normalized value (GCV R2) 
statistics which are also used to avoid over-fitting training data (Friedman and Silverman, 
1989). The relative importance of the explanatory variables is ranked using the three criteria 
method of the MARS model (number of subset, GCV and RSS) which varies for the different 
land use/covers (Table 2.3).  
The MARS equations developed for the different land use/cover types in the 1930s and 
2014 needed used to create fractional maps of the land use/covers, using pixel size of 1.5 km 
x 1.5 km that are approximately the same size as the smallest scene area (2.4 km2) of the 
interpreted APs. In a fractional map, for every pixel the fraction (0.00 -1.00) or the percentage 
(0% - 100%) of a particular land use/cover class is represented (Romanov et al., 2003).  
Point count and mapping of LUC were validated by computing the commission errors 
(measure of the producer’s accuracy), the omission error (measure of the user’ accuracy) and 
overall accuracy from the error matrix table (Congalton et al. 1983; Hoffer, 1975). 
Furthermore, the degree of agreement between the accuracy of the counting and the field 
observation and between the mapping and Google Earth was measured by computing the 
Kappa coefficient of agreement from the confusion matrix (Fleiss, 1971; Stehman, 1997). This 
coefficient is used for the correction of the chance (expected) agreement. The multiple Kappa 
coefficient, i.e. the Fleiss Kappa coefficient, was applied by taking into account the multiple 
random points and the different LUC classes used for this precision assessment (Fleiss, 1971). 
Hence, the Kappa coefficient is calculated from the LUC error matrix as follows: 
 𝑲𝒂𝒑𝒑𝒂 (𝜿) =  
∑ 𝑷𝒊𝒊
𝒊=𝒒
𝒊 − ∑ 𝑷𝒊˖∗𝑷˖𝒊 
𝒊=𝒒
𝒊





Where Pii = Nij/N (i.e. proportion of the correctly counted LUC or ratio of diagonal value 
to the total number of observation); Pi+ = Ni/N (i.e, proportion of the marginal row total); P+i 
= Mi/N (i.e. proportion of the marginal column total). Statistical analyses were carried out in 
R 3.3.2 and SPSS ver. 21 software packages while all mapping was done in ArcGIS 10.1. 
2.3 Results 
2.3.1 Geomorphic settings 
Sedimentary rocks with calcium carbonate dominate the study area followed by 
sedimentary rocks without calcium carbonate such as sandstones (17%), while volcanic rock 
covers a smaller area (10%) (Figure 2.4A). The soil type of southern and central Geba is 
categorized as suitable (34%) and the northern and south western part are moderately suitable 
(35%) while eastern areas are dominantly non-suitable soils (31%) (Figs. 2.4A). The 
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distribution of the soil suitability classes is related to the geology and topography of the 
catchment (IUSS, 2015; Tielens, 2012b). 
2.3.2 Change of land use/cover fraction from the 1930s - 2014 
Field observation for the verification of the point counting method has resulted in a high overall 
accuracy (93%) for the recent LUC, as shown in the error matrix (Table 2.3). The count of 
shrubland and cropland led to a high accuracy (i.e. a low omission error), 97% and 93% 
respectively, while the forest count resulted in a low accuracy. The error matrix shows that 
other land (summation of bare land, housing, waterbody, grassland) was identified with a high 
accuracy (89%) or low errors. Moreover, the error matrix caused a very strong kappa 
coefficient (κ = 0.89) (Table 2.3). The accuracy assessment for the 1930s land use/cover was 
not possible to do through a field visit but showed a high correspondence (86%) to the result 
of the interview carried out on the old people concerning the history of land use in ancient 
times. The interviewed people with an average age of 69 years have explained the historical 
land use/cover of their area with some important landmarks, which they remember or which is 
based on what they heard from their parents. For example, the forests and shrubs in which they 
were cutting trees for different purposes such as to build their house and fence, for firewood 
and farming implements do not exist or are being degraded now. 
  
 
Table 2.3 Commission-omission error matrix of LUC point counting and mapping 
 
 
Ground control / Google earth   









Cropland 132 1 0 2 135 0.02 
Shrubland 6 88 3 2 99 0.13 
Forest 0 0 6 0 6 0.00 
Other classes 3 2 0 30 35 0.10 
Sum 141 91 9 34 275  
Omission error 0.06 0.03 0.33 0.12   
 Overall accuracy     0.93  
 Kappa coefficient     0.89  
LUC  
map 
Cropland 106 10 1 6 123 0.16 
Shrubland 12 68 1 1 82 0.21 
Forest 1 1 3 0 5 0.67 
Other classes 4 2 0 17 23 0.35 
Sum 123 81 5 24 233  
Omission error 0.14 0.16 0.40 0.29   
 Overall accuracy     0.83  
 Kappa coefficient     0.72  
Strength of Kappa coefficient: < 0.00 (poor), 0.00-0.20 (slight), 0.21-0.40 (fair), 0.41-0.60 
(moderate), 0.61-0.80 (substantial), 0.81-1.00 (almost perfect) (Landis and Koch, 1977) 
 
The results of the quantitative analysis indicate that shrubland and cropland were the 
dominant LUC in both the 1930s and 2014. In the 1930s, the percentage of shrubland and 
cropland covers 48% and 39% respectively, but in 2014 the cropland outstretched to 42%, 
while the shrubland contracted to 37% (Figure 2.6). All land use/cover categories (except 
shrubland and forests) have increased over the last 80 years (Figure 2.6). The test of land 
use/cover fractions using Mann-Whitney U tests showed significant differences between the 
1930s and 2014 for all categories except for cropland and forest. This test revealed that the 
fraction of shrubland decreased significantly in 2014 as compared to the 1930s while the bare 
land, grazing land, built-up area and water body had increased significantly in 2014 compared 






Figure 2.6 Areal percentage of different land use/cover in the 1930s and 2014, n = 34192. 
2.3.3 Spatial distribution of land use/cover 
In the 1930s, shrubland and cropland were frequently observed (greater than 90%) categories 
at sample locations while the other categories occurred in less than 45% of the total sample 
areas. In 2014, all land use/cover classes had been encountered in about 85% of the observation 
(n = 139), except forest and water body which occurred in 45% and 71%, respectively (Figure 
2.7). Land use/cover types have undergone dynamic changes (increase or decrease) over a long 
time period (Figs. 2.6 – 2.8). Nevertheless, there are cases where constant fractions and 
patterns of land use/cover were observed over this period. The chi-square test for the 
frequencies of spatial occurrence across the sample areas reveals significant changes in the 
location of occurrence of land use/cover except for forests (Table 2.4). 
 
 
Figure 2.7 Frequency of occurrence (absence or presence) of different land use/cover in the 
1930s and 2014 scenes, n = 139 
 
Table 2.4 Frequency and percentage of scene in which land use/cover types have shown 
different changes between the 1930s and 2014; Chi-square test result. n = 139. 
 
 Increased  Decreased  No change Sig.  
Land 
use/cover Frequency Percent Frequency Percent Frequency  Percent  
Bare land 101 73 23 17 15 11 <0.001 
Built-up 
area 113 81 17 12 9 6 <0.001 
Cropland 85 61 52 37 2 1 <0.001 
Forest 33 24 53 38 53 38 0.088 
Grassland 96 69 14 10 29 21 <0.001 
Shrubland 29 21 105 76 5 4 <0.001 
Water body 73 53 28 20 38 27 <0.001 
 
Although cropland did not experience significant changes in fraction between two times, it 
showed however important spatial changes. In other words, some land that was under 
agriculture in the 1930s, was abandoned in 2014 and new agricultural lands were created by 
converting other land use/cover. The constant fraction of the cropland over a long period was 
retained at the expense of other land use/cover mainly by encroaching and/or expanding into 
shrubland and forests, and abandonment of marginal, exhausted land, as well as the steepest 
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slopes ban administrative decision. This study also shows a significant decline in the spatial 
distribution of shrubland and the expansion of bare lands, grasslands and built-up areas (Figure 
2.7).  
The prepared change matrix (based on point counting) revealed a complex transformation of 
LUC over the last 80 years. It should be noted that this transformation matrix is not free from 
errors due to the obliqueness of the APs and the non-georeferenced grid points on APs, which 
have resulted in a few meters’ displacement of points on GE as compared to their location on 
AP. Nevertheless, the matrix showed that all land use/cover have replaced each other although 
the transformation intensity is variable (Table 2.5). The results indicate that about 67% and 
54% of the cropland and shrubland respectively, remained spatially unchanged in 80 years, 
while only 5% of the forest was recorded at its location in the 1930s. a large portion of cropland 
has transformed into shrubland, built-up area, bare land and grazing land;  shrubland 
transformed into cropland, bare land, built-up area and grazing land while forest mainly 
changed into shrubland to cropland in the order of importance. Examples of APs, Google Earth 
images and terrestrial photographs are given in appendix A2 to demonstrate the changes of 
LUC over 80 years. 
 

















Cropland 9047 2193  116 434 714  920 168 13592 
Shrubland 4195 9151  351 460 1701  680 289 16827 
Forest 514 861  84 36 80  123 17 1715 
Grazing land 125 95  12 18 21  85 6 362 
Bare land 265 410  12 23 226  60 23 1019 
Built-up 79 29  4 7 10  117 1 247 
Water body 67 177  5 7 75  40 59 430 
Total 14292 12916  584 985 2827  2025 563 34192 
2.3.4 Explanatory factors affecting the land use/cover 
The results of the MARS model have revealed the importance of different factors for the 
occurrence probability of different land use/cover types in the 1930s and in 2014 (Table 2.7). 
The models show that all climatic environmental and socio-economic variables considered in 
this study have significantly affected one or more land use/cover types. However, the pressure 
of the socio-economic factors (i.e. the population density, distance to town) on land use/cover 
change have been increasing after the 1930s. For each model, several variables and terms 
(basis functions) were used to predict the land use/cover occurrences (Table 2.6 & 2.7). The 
occasion of more than one basis function for a single explanatory factor in a model depicts the 
nonlinear relations between the explanatory factors and land use/cover categories. The 
regression models have also illustrated the significant interaction of the explanatory factors on 
the distribution of land use/cover (Table 2.6). The results also demonstrated different 
thresholds for different explanatory variables in the 1930s and 2014. 
 
Table 2.6 Equations of three major land use/cover (cropland, shrubland and forest) in the 1930s 
and 2014 which were developed by the Multivariate Adaptive Regression Spline 
model. C1930s = cropland in the 1930s, C2014 = cropland in 2014, S1930s = shrubland 
in the 1930s, S2014 = shrubland in 2014, F1930s = forest in the 1930s and F2014 = 
forest in 2014. h=hinge function with zero and a constant (knot) of a factor. For the 








-0.01063 * h(0, DT30s - 6)  
+0.02519 * h(0, 17.4 - slope)  
-0.1589 * h(0, DT30s - 8) * SS                        
+0.09218 * h(0, 6 - DT30s) * SMS                       
+0.04719 * h(0,  7 - slope) * SS          
-0.00141 * h(0, 2037 - alt) * SS                         




+0.2177 * SS                        
+0.0008321 * h(0, alt - 1859)  
+0.02293 * h(0, 16 - slope)  
-0.000121 * Pd  * SS                        
-0.0000118 * Pd * h(0, 16 - slope)  
+0.0005874 * h(0, 1859 - alt) * SMS                       
-0.0000299 * h(0, alt - 1859) * h(0, slope 
- 7)  
-0.0001047 * h(0, alt - 2150) * h(0,16 - 
slope) 
 
GCV  0.041    RSS 4.281    GCV R2  0.53  R2 
0.64 





+0.1556 * SNS                       
-0.000357 * h(0, alt - 1778)  





-0.2899 * SS                        
-0.1131 * SMS                       
-0.0003771 * h(0, 1778 - alt)  
-0.0002857 * h(0, alt1 - 1859)  
-0.02089 * h(0, 14 - slope) 
 
GCV 0.044    RSS 5.441    GCV R2 0.38    R2 
0.44 
GCV 0.027  RSS 3.16  GCV R2 0.58  R2 
0.64   
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+0.08914 * LSNC                      
-0.0001301 * h(0, 2361 - alt)  
+0.0001466 * h(0, slope -6) * h(0, alt - 1980)  
+0.0001778 * h(0, slope - 6) * h(0, - 2053) 
+0.0001651 * slope * max(0, alt - 2361) * 
LSC                       
+0.000121 * h(0, slope - 6) * h(0, alt - 1980) 
* SNS                       
 
F2014 =  
0.006373 
-0.1273 * SS                  
+0.0002263 * h(0, alt - 1830)  
+0.0003854 * h(0, alt - 2396)* SNS *LSC 
+0.02682 * h(0, alt - 2396) * LSC                  
+0.000000614 * h(0, 2396 - alt) * h(0, Pd 
- 81) 
 
GCV 0.012  RSS 1.276  GCV R2 0.40  R2 0.52 GCV 0.002  RSS 0.251  GCV R2 0.31  R2 
0.47   
 
Among all the considerable variables, the slope gradient, elevation, soil suitability for 
cropping and proximity to town were significantly influencing the cropland fraction in the 
1930s explaining 64% of the probability of its occurrences. The soil type which was the mainly 
suitable soil for cultivation was the most important factor for the occurrence of a larger fraction 
of cropland in the 1930s followed by the slope gradient and the distance from town. The nearest 
was the area to town in 1930. The result shows that in moderately sloping to flat areas (i.e. a 
slope gradient of less than 16%), the fraction of cropland was positively affected while the 
fraction was decreasing when the proximity of the area to town decreased except in suitable 
soil areas (Table 2.6). Similarly, in 2014, the soil type and slope gradient remained the 
dominant factors for determining the distribution of cropland in which suitable soil and slope 
gradients of less than 16% were increasing the cropland the fraction. However, the effects of 
suitable soils and slope gradients were reversed when combined with the population density. 
The MARS also showed a larger cropland fraction in mid to high elevation areas except at 
steep slope gradients during both the 1930s and 2014 (Table 2.6). From the MARS model, it 
is also apparent that the distribution of shrubland was highly dependent on the slope gradient 
but in reverse direction to the cropland distribution. In flat areas, the fraction of shrubland was 
negatively affected while in sloping and steep slope areas the coverage had increased in both 
the 1930s and 2014. Moreover, soil types and elevation were also other dominant explanatory 
factors for the distribution of shrubland. The result showed that suitable soil for cultivation 
favoured the occurrence of shrubs while suitable and moderately suitable soils affected the 
distribution of shrubland negatively. Moreover, the results revealed that when elevation 
increases over circa1800 m the fraction of shrubland had decreased both in past and present 
times (Table 2.6).  
 
Table 2.7 Relative importance of variables in the model using three criteria: 1) the number 
of the subset (the number of the model subset that includes the variables), 2) the 
RSS (the scaled summed decrease of the residual sum of squares overall the 
subset) and 3) the Generalized cross validation (GCV). For the explanation on 
the variables see Table 2.1 











SS 7 100 100 SS 8 100 100 
DT30s  6 75 77 Pd 7 66 69 
Slope 6 75 77 Slope 6 55 59 
Alt 2 17 26 Alt 5 30 39 
SMS 1 12 18 SMS 2 4 18 
        
        
 GCV R2 =0.52         R2 = 0.64 GCV R2 =0.63          R2  = 0.73 
Shrubland 
Alt 3 100 100 SS 5 100 100 
Slope  2 54 58 Slope 4 51 55 
SNC 1 28 33 Alt 3 32 38 
    SMS 1 13 18 
        
 GCV R2 = 0.38        R2  = 0.44 GCV R2  =0.58          R2 = 0.64 
Forest 
Slope 6 100 100 Alt  6 100 100 
Alt 6 100 100 LSC 6 100 100 
SNS 6 100 100 Pd 6 100 100 
LSC 4 36 49 SS 6 96 97 
LSNC 2 25 34     
         
 GCV R2 = 0. 40        R2  = 0.52 GCV R2  =0.31          R2 = 0.47 
 
During both the 1930s and the 2014 elevation, lithologies, soil suitability and slope 
gradients showed an important relation to the presence of forests although their explanatory 
power was weak (R2 = 0.52 in the 1930s and R2 = 0.47 in 2014) (Table 2.6). In both the 1930s 
and 2014, the elevation was the most important factor for the occurrences of forest in which a 
larger fraction of forest exists in areas with an elevation of over 1900 m. The interaction of 
elevation and lithology, soil suitability and population density resulted in different fractions of 
forest. The result also depicted that it was unlikely to find forest in areas with suitable soil for 
cultivation, while the increase of population density affected the forest occurrence positively, 





Figure 2.8 The spatial distribution and change of three the dominant land use/cover types 
of the study area: Cropland (A – C), shrubland (D – F) and forest (G – I). A 
positive (+) and negative (-) sign in these figures indicates the spatial expansion 
and the shrinkage of land use/cover types, respectively. Graduated 
classifications illustrate the percentage occurrence of the land use type in the 
1930s and 2014 that also reveal the degree of spatial change within each 
location. Sd, Sf1, Sf2, Sh, Ss are supplementary data at Dergajen, Dessa forest 
1, Dessa forest 2, Hadinet and Sinkata respectively. 
 
The Multivariate regression models developed for different land use/covers in the 1930s 
and 2014 were used to calculate the raster data for each explanatory factor selected by the 
models. These raster databases were utilized to calculate fraction maps of three major land 
use/cover types (i.e. cropland, shrubland and forest), using the MARS equations of the LUC. 
Accordingly, at least five spatial raster layers, which represent the explanatory factors, were 
prepared to create the fractional maps of cropland, shrubland and forest in the 1930s and 2014. 
Hence, these fractional maps indicated the spatial and temporal distributions and the changes 
of LUC. The mapping of land use/cover of the Geba catchment (Figure 2.8) was done by 1.5 
x 1.5 km grid of the important explanatory factors in each model. As the values of every pixel 
are not absolute, but percentages of the different land use/cover types, separate maps were 
produced for the cropland, shrubland and forest. Colour gradients of each LUC have been used 
to compare the percentages of areal distribution and changes of land use/cover in the study 
area over the last 80 years. In these maps high gradients (larger percentages) of a different 
LUC did not occur on the same location, although mixed land use/covers having a smaller 
percentage on a particular location are observed (Figure 2.8). Given the several limiting factors 
for the inaccurate mapping of LUC, the validation of the maps of 2014 using 233 random 
points on GE showed a high accuracy for cropland (86%) and shrubland (84%) and a lower 
one for the forest map (60%) and other land covers (71%). Overall, the confusion matrix 
showed a higher overall accuracy for   the fractional map (83%) and a very strong Kappa 
coefficient (72%) (Table 2.3).  
2.4 Discussion 
2.4.1 Point counting method, APs and GE images 
Despite the difficulty of stereo viewing, which allows 3-D viewing, due to the high obliquity 
and a small area of overlapping vertical photos, the 1930s aerial photography is found to be an 
important source of historical information. The application of the point counting method, i.e. 
visualizing and tallying the land use/cover type under grid points was straightforward to 
identify the different classes, although it required a GIS expert (i.e. who can identify and 
interpret different LUC classes). Detailed information, individual objects within a 30 x 30 m 
area on the ground (e.g. tree, residence compound, etc.) can be readily recognized from these 
historical photographs (Figure 2.2). The scale of the photographs (i.e. medium scale), as it was 
originally aimed for military missions, has facilitated the view of the photographs in detail. 
Medium and large scale aerial photography is important as it improves the efficiency of the 
resource inventory and reduces the ground survey inventories which are expensive and slow 
(Fensham et al., 2002; Spencer and Hall, 1988) and impossible in case of historical 
photographs. In addition, zooming the scanned photograph on a computer screen until the 
target object (land use/cover) is recognized, is also helpful for a detailed examination of the 
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aerial photographs. The high overall accuracy (93%) and a very strong Kappa coefficient 
agreement (89%) of LUC counting as shown in the error matrix (Table 2.3), validated that 
counting LUC on Google Earth was done accurately.  
A good visualization and a high resolution nature of GE motivates, beside its potential for 
validation, its direct application in the environmental inventories including land use/cover 
studies (Frankl et al., 2013b; Fritz et al., 2009; Hu et al., 2013). The medium scale and zooming 
technique make the photographs comparable to the Google Earth image resolution and 
viewing, which suggests the appropriateness of the comparison of results from the two sources. 
(Frankl et al., 2013b) have used a combination of historical aerial photographs and GE images 
so as to analyze the temporal change of a gully network in Northern Ethiopia. Further, we are 
aware of only one study that used aerial photographs produced between 1936 and 1941 on a 
scale of 1: 64,000 for a land use cover change study in Texas and New Mexico, United States 
(Scanlon et al., 2007).   
2.4.2 Land use/cover fraction 
Cropland showed a slight increment over the long time period, which can be called stable 
with regard to its overall fraction in the catchment. Despite the rapid rise of the human 
population (Nyssen et al., 2009b), whose livelihood largely depends on agriculture (Deressa 
et al., 2008), the area of cultivated land remained almost constant during a long period. This 
indicates that suitable land for agriculture had been entirely occupied for many years, probably 
centuries, in Northern Ethiopia. Similar results have been reported locally in the catchment 
(that cultivated lands nearly did not expand over tens of years) (Alemayehu et al., 2009; Meire 
et al., 2013; Teka et al., 2013). Mitiku et al. (2006) documented that limits to lands (suitable 
for agriculture) are reached in Northern Ethiopia and that food demands for the increasing 
population could be met through an intensified use of the existing cropland. On the contrary, 
a significant expansion of cropland occurred in other parts of Ethiopia (e.g. Rembold et al., 
2000; Tsegaye et al., 2010; Zeleke and Hurni, 2001), Africa and worldwide (Lambin et al., 
2003; MEA, 2005) during the second half of the twentieth century. Dynamic changes 
(expansion or contraction, rapid or slow) of cropland were reported in the southwest of 
Ethiopia despite a rapid population growth in the region in the last 50 years (Reid, et al., 
2000).On the other hand, the most dominant land cover in the 1930s, namely shrubland, has 
significantly decreased in fraction over the last eighty years. The decline might not only be 
visible in the land’s percentage under shrub cover but the quality of the shrubland might also 
have deteriorated compared to history, although it had not been quantified. Field visits 
demonstrated that in 2014, the shrubs had a low plant density and an open canopy cover. The 
forest showed a declining trend from its already low percentage in the 1930s (from 6.3% to 
2.3%). This small fraction of forest cover in the 1930s indicates that the forest resources had 
been cleared, even before the 1930s. Despite the strong claims on a dense forest cover in the 
1930s in Ethiopia (including our study region), there is no reliable record of forest cover and 
no precise date and rate of deforestation (Pankhurst, 1995; Woien, 1995). Previous studies in 
or close to our study area have reported that the forest and shrubland illustrated an increment 
during the last three to five decades (Alemayehu et al., 2009; Belay et al., 2015; Meire et al., 
2013; Muelenaere et al., 2014; Teka et al., 2013). However, our results may not be 
contradictory to such findings as their study period only extended to 1965 and covered small 
parts of the study area. The study carried out by Nyssen et al. (2014) in northern Ethiopia 
concerning environmental conditions over the last 145 years indicates the highly variable land 
degradation. This study discussed that the woody vegetation cover peak during the end of the 
1930s, strongly declined until the large-scale soil and water conservation activities started in 
the last decade of the 20th century. Hence, our results are in line with those of Nyssen et al. 
(2014): as compared to the 1930s, the land is still more degraded nowadays in northern 
Ethiopia. Despite extensive forest rehabilitation practices in Northern Ethiopia, there was an 
exceptionally ongoing deforestation on the remnant natural forest in the region (Munro et al., 
2008a). Recent deforestation has been detected in the Mt. Lib Amba and Simien Mountains, 
northern Ethiopia (Jacob et al., 2015, 2017). Our results also clarify an increase in bare land, 
grassland, built-up area and water body, which is in agreement with earlier findings 
(Alemayehu et al., 2009; Meire et al., 2013; Teka et al., 2013), particularly before the start of 
the SWC practices. The increase of bare land and built-up area can be explained by vegetation 
clearance, agricultural and settlement expansions resulted from the rapid growth of population. 
The increase in water body can be linked to the construction of reservoirs and ponds as part of 
the massive SWC practices in the Tigray region. The overall decline of vegetation in the last 
80 years is also in line with the existence of larger areas where the SWC (including exclosure) 
has not been fully implemented, for example in the lower parts of the study area, which are 
relatively remote. Although our study shows the decline of shrubland and forest in present 
time, there are strong policies, institutions and village bylaws (not to cut trees and graze in 
exclosures and sacred areas) and community awareness to restore the environment through 
physical and biological soil and water conservation practices in the Tigray region. In general, 
this study clearly shows important variations in the proportion of LUC between two time 
points. Unfortunately, results only correspond to the end points of 80 year time interval (i.e. 
1935-36 and 2014) while the condition of LUC in the intermediate times could not be 
addressed in this study. 
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2.4.3 Spatial change of LUC 
Considerable spatial changes of land use/cover have taken place over the last eighty years. In 
the 1930s, less heterogeneity of land use in aerial photography (scenes) was observed as 
compared to the data of 2014. In other words, land use/covers were less fragmented in the 
1930s. By 2014, land use/cover classes had encroached upon the land that was under different 
use/cover during the 1930s. Hence, it is not uncommon to observe a mosaic land use/cover, 
such as cropland that encroached shrubland, a tree plantation (mainly Eucalyptus) in cropland 
as patches or in a linear form (Meire et al., 2013), settlement and water body in cropland and 
so on. However, this study has a limitation of showing the spatio-temporal dynamism of LUC 
change over the last 80 years in the Geba catchment, due to a lack of intermediate time period 
data on LUC. 
Although cropland did not a show significant change in fraction over a long time (section 
2.4.2), an important spatial change was noted that about 33% of the cropland was transformed 
to a different LUC, mainly to shrubland, built-up area and bare lands (Table 2.5). It is obvious 
that cropland, which lost its productivity due to an exhaustive cultivation, can no longer used 
as cropland but is converted to bare land, degraded grazing land or shrubland, unless it is 
reclaimed. On the other hand, lands that were under shrub, forest and grass in the1930s was 
converted to cropland in 2014, probably to search fertile soils. This result is consistent with 
previous studies (e.g. Alemayehu et al., 2009; Zeleke and Hurni, 2001). Hence, while a fraction 
of cropland had been given away to other LUC classes it was also compensated by taking other 
LUC, especially shrubland and forest. There are also some areas where bare lands were 
converted to cropland which shows the critical shortage of suitable lands for cropping leading 
an agricultural expansion into marginal lands. Shrubland was also affected by an increase of 
grazing land, which can be explained by the rise in livestock production associated with the 
population growth. The transformation of forest into shrubland and cropland in 2014 shows 
that deforestation had continued over the last 80 years. The conversion of bare lands to forest 
and shrubland can be linked to the plantation forest and the implementation of exclosures over 
the last few decades. Considerable fraction of built-up area were recorded in 2014 on the 
locations previously (1930s) covered by cropland, shrubland and forest which can be linked 
with a to rapid population increase. Other studies also indicate that built-up areas (mainly urban 
areas) increased at the expense of cropland in Ethiopia during the last few decades 
(Haregeweyn et al., 2012; Miheretu and Yimer, 2017)..  
2.4.4 Explanatory factors of land use/cover distribution and change 
Land use/cover change in the Geba catchment is the outcome of a variety of processes.  
Overall, over the last 80 years, the study area had been hit by two major droughts and several 
famines. Identifying causative factors have influence land use/cover occurrences/ change 
significantly, is very essential for the development of a strong land use/cover change model. 
The common explanation for land use/cover change in earlier research carried out in the north 
or in other parts of Ethiopia, comprises the socio-economic forces, policies and institutions 
(Alemayehu et al., 2009; Belay et al., 2015; Byragi and Aregai, 2011; Fisseha et al., 2011; 
Meire et al., 2013; Muelenaere et al., 2014; Tadesse et al., 2014; Teka et al., 2013). Physical 
elements are rarely correlated to land use/cover changes (Reid et al., 2000; Tadesse et al., 
2014), though they trigger significant changes particularly when the land is under stress 
(Lambin et al., 2001). The present study demonstrated that consideration of topography, soil 
type and lithology as potential explanatory factors of land use/cover occurrence, provided a 
moderate to high model fitting and the validation of results, particularly for cropland and 
shrubland. This study also illustrates that the land use/cover occurrence is governed by 
multiple factors. The non-linear relationship nature between land use/cover and explanatory 
factors are evidently proven through the MARS application in the current study. 
The consistent effect of the slope gradient on cropland density throughout a long period 
explains the importance of the slope for land cultivation. Despite the shortage of suitable 
cultivation lands in the study area for a long time, steep slope areas remained unsuitable for 
agriculture. Other reports also indicate that arable lands are frequently observed on level to 
gentle slope lands (plains, foot slopes and valley floors) (Meire et al., 2013; Teka et al., 2013). 
But currently, cropland sometimes appears on steep slopes where soil and water conservation 
(SWC) measures like stone bunds or trenches are executed so as to counter soil erosion. This 
is in line with a previous study on long-term land use change in the same region (Meire et al., 
2013). The current inverse correlation between the population density and the cropland fraction 
describes the conversion of cropland to built-up (such as housing, roads) areas following a 
population increase. Ramankutty et al. (2002) explained that the rapid population increase and 
urbanization resulted in less cropland area per capita. Jacob et al. (2015) have analyzed an 
increase of the tree line elevation in mountainous areas due to anthropogenic pressure. On the 
other hand, steep slope lands appear to be reserved for shrub  use in the study area, (which is) 
explained by the extensive conservation measures that had been carried out in degraded areas 
of the Tigray region during the last two to three decades. Exclosures, as part of SWC, were 
mostly applied on very steep and degraded slopes, which suffer from a severe soil erosion. 
Various reports illustrated that sloping and steep areas are often  employed for afforestation in 
Northern Ethiopia (Descheemaeker et al., 2006b). Forests that grew in suitable soils for 
cropping in the 1930s, had been deforested in 2014. Hence, in 2014, remnants of forests were 
available in areas where the soils are moderately suitable and non-suitable for cropping, 
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sandstone and sloping, which appear to the fact that afforestation is promoted in less fertile 
soils. Currently, the forest density has augmented nearby towns which can be linked to the 
increased awareness of tree growing and management in the Tigray region (de Muelenaere, et 
al. 2014). Clusters of forests planted along farmland boundaries and in villages are commonly 
encountered in the region (Meire et al., 2013). 
The creation of fractional maps on different land use/cover in the Geba catchment, which 
use model developed for each class with a set of explanatory elements, resulted in an 
approximately similar pattern with the observed fractions (Figure 2.8). It is important to 
possess proportional samples of AP/GE (in different explanatory factors) (Figure 2.3) for the 
prediction of land use/ cover distribution in the entire catchment. The verification of these 
maps using Google Earth images (2014) showed the model validity in order to predict the f 
land use/cover occurrence, particularly for 2014. Overall, 84 % of the land use/cover was 
correctly allocated to the fractional map of the land use/cover. Cropland and shrubland were 
more or less predicted accurately, while large errors had been noticed in the the forest 
prediction. This poor forecast accuracy can be related to the small fraction of forest in each 
scene which less likely dominants the scene. Moreover, the very strong Kappa coefficient 
agreement (κ = 72) confirms the validity of the created fractional maps.  In general, this result 
suggests that the models we developed for the Geba catchment are reliable to foretell the 
fraction of land use/cover change, while using the important explanatory factors selected in 
each model (Table 2.7). 
2.5 Conclusions 
This study demonstrated the usefulness of the analysis of 1930s APs and GE images for the 
study of land/cover distribution and changes. The results have demonstrated significant 
modifications in the fraction and spatial shifts of land use/cover during the last eighty years. 
Despite insignificant changes in the fraction of cropland area, 39% in the 1930s to 42% in 
2014, it partially shifted its location at the expense of other land use/cover. The transformation 
matrix illustrates that 33% of the cropland was given away to different LUC, mainly to 
shrubland, bare land, and grassland probably due to its decreasing productivity and change to 
built-up areas, which can be explained by a rapid population growth. Shrubland is the most 
affected land use/cover over this long time, as it significantly shrank from 48% in the 1930s to 
37% in 2014, associated with a shift of cropland and an expansion of the built-up area and 
grazing land. Forest cover has dropping continuously in the last 80 years, from about 6.3% 
through an absolute minimum in the 1970s – 1980s to less than 2.3%. in 2014 The increased 
frequency of occurrence of different land use/cover in observation areas (scenes) shows a more 
the mixed or fragmented land use/cover system in 2014 compared to to 1930s. 
The effects of different forces (environmental and socio-economic variables) on LUC 
distribution was indicated by non-linear regression analysis. This study also indicates that 
explanatory factors influence LUC types at different thresholds.  Cropland was generally 
recorded in flat to sloping areas (<16%), while shrubland and forest were often seen on slopes 
above 5%, although the thresholds change when other important factors exist. The latter (such 
as elevation, soil suitability, lithology and socio-economic factors) were also very important 
for influencing the distribution of cropland, shrubland and forest. The unexplained variation 
in this study could be related to land management activities, other socio-political factors and 
institutions. Land use/cover distribution and changes are not explained by a single but by 
multiple factors (Lambin et al., 2001; Serneels and Lambin, 2001). The comparison of the 
fractional maps with the observed fraction reveals similar patterns in their distribution. The 
validation of this fractional map on Google Earth demonstrated a high overall accuracy (83%) 
and a strong Kappa coefficient (72%), which confirm the usefulness of the databases (GE and 
explanatory factors) and the MARS model in order to create an accurate LUC fractional map 
of LUC.  
Overall, this study provided useful information regarding the condition of LUC in the Geba 
catchment in the 1930s and 2014, demonstrating larger areal fractions of shrubland and forest 
and an approximately constant cropland area in the1930s as compared to 2014. This suggests 
that more efforts of land management (SWC and exclosure) practices need to be implemented 
particularly in remote areas. Moreover, further investigation on the historical land use/cover 
of the study area could prove important so as to evaluate the ongoing SWC interventions or to 
design new land management strategies.  
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 3 Changes in gully and soil and water 
conservation structure densities over the last 80 
years 
  
This chapter is based on 
Etefa G, Frankl A, Zenebe A, Poesen J, Nyssen J. 2017. Changes in gully and soil and water 
conservation structure densities in North Ethiopia over the last 80 years. Earth Surface 





Gullies have been a common phenomenon in north Ethiopia for the last centuries. 
On the other hand, different soil and water conservation (SWC) structures have 
been implemented since a long time to curb land degradation. However, like for 
most of the affected areas worldwide, the densities and distribution of gullies and 
SWC structures, their factors and interrelations were insufficiently assessed. The 
aims of this study were to develop a technique for mapping the densities of gullies 
and SWC structures, to explain their spatial distribution and to analyze changes 
over the last 80 years (1935 – 2014) in the Geba catchment. Aerial photographs 
(APs) from 1935-36 and Google Earth (GE) images from 2014 were analyzed in 
this study. Transect lines were established to count gullies and SWC  strucrures 
in order to calculate densities. On average, a gully density of 1.14 km km-2 was 
measured in 1935-36 of which the larger portion (75%) were vegetated indicating 
they were not very active. Over 80 years, the density of gullies has significantly 
increased to 1.59 km km-2 with less vegetation growing in their channel, but 66% 
of these gullies were treated by check dams.  There were ca. 3 km km-2 of 
indigenous SWC structures (daget or lynchets) in 1935-36 whereas a high density 
(20 km km-2) of introduced SWC structures (mainly stone bunds and terraces) 
were observed in 2014. The density of gullies is positively correlated with slope 
gradient and shrubland and negatively with cropland whereas the density of SWC 
structures significantly increased with increasing cropland proportion. Gully and 
SWC  structures density maps indicate sensitive areas to gully formation and 
priority areas for the implementation of soil and water conservation in Geba 
catchment. The obtained results reveled the feasibility of the methods applied for 
mapping the density of gullies and SWC structures in northern Ethiopia. 
Keywords: check dam, gully density, stone bund, aerial photograph, lynchet 
  
3.1 Introduction 
Gully erosion has become a major concern as it plays a key role in causing land degradation 
particularly in semi-arid regions where vegetation cover is poor (Frankl et al., 2011a; Lesschen 
et al., 2008; Nyssen et al., 2006; Oostwoud Wijdenes and Bryan, 2001; Patton and Schumm, 
1975; Salleh and Mousazadeh, 2011; Shi and Shao, 2000; Valentin et al., 2005). Poesen et al. 
(2003) defined gully as “erosion process whereby runoff water accumulates and often recurs 
in narrow channels and, over short periods, removes the soil from this narrow area to 
considerable depths”. Gully erosion causes land degradation by increasing connectivity in the 
landscape and transfer runoff and sediments from upland to river channel (Poesen et al., 2003). 
Gullies are geomorphic features with V- and U-shaped cross-sections that hinder different 
activities such as ploughing (FAO, 1965; Imeson and Kwaad, 1980). Gullies are formed by 
concentrated flow erosion and incision, with channel depth ranging between 0.5 m to 30 m 
(Betts et al., 2003; Poesen et al., 2003).  
The northern Ethiopian highlands have experienced land degradation over the last few 
millennia (Bard et al., 2000). From the 19th century onwards and throughout the 20th century 
the problem of land degradation has been a common phenomenon in the Tigray region (Nyssen 
et al., 2014; Nyssen et al., 2009a). The evolution of soil erosion rate due to progressive 
vegetation clearance in this region even dates back to the Middle Holecene (Bard et al., 2000). 
Gullies are present in northern Ethiopia at least since the mid-19th century, mainly due to 
vegetation removal (Frankl et al., 2011a; Nyssen et al., 2006). It is obvious that the removal of 
fertile soil and dissection of cropland by gully erosion results in the reduction of crop yields 
(Nyssen et al., 2006). A literature review by Haregeweyn et al. (2015a) shows that gully 
erosion rates vary from 1.1 t ha-1 y-1 to 17.6 t ha-1 y-1 in north Ethiopia.  
Site-specific studies in north Ethiopia indicate that the density and volume of gullies have 
significantly increased until large-scale soil and water conservation (SWC) structure were 
implemented in the region since the last decades of the 20th century (Frankl et al., 2013a). 
Studies indicate that the spatial distribution of gullies is influenced by several factors including 
lithology, soil type, land use/cover and topography (Frankl et al., 2013a; Gutiérrez et al., 2009; 
Mukai, 2017; Poesen et al., 2003; Salleh and Mousazadeh, 2011). From the late 19th century 
onwards and until the mid-20th century gullies were relatively stable and the channels mostly 
covered with vegetation, while in the second half of 20th century gullies became more active 
and their cross-section increased (Frankl et al., 2011a). The construction of roads in this 
mountainous region has also contributed to the increase of the density of gullies (Nyssen et al., 
2002). 
Despite their important effects on the environment and agricultural production, relatively 
few data are available on gully occurrence in northern Ethiopia (Haregeweyn et al., 2015a), 
particularly on the density and spatial distribution of gullies at the scale of large catchments 
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such as Geba catchment (5142 km2). A few site-specific studies were conducted in this 
catchment to show the change of gully density and explanatory factors for changes from 1965 
to 2010 (Frankl et al., 2013a). Moreover, spatial mapping of gullies has received less attention 
worldwide although such information is very important to understand the distribution of gullies 
in a catchment and also to use the map for pixel based environmental analysis. The studies by 
Hughes et al. (2001) and Knight et al. (2007) in Australia are among the few attempts made to 
map the spatial distribution of gully erosion. 
Different types of soil and water conservation SWC practices have been proposed or 
implemented in different countries to rehabilitate degraded environments and to curb further 
land degradation (e.g. Chen et al., 2007; Lesschen et al., 2008; Pender and Kerr, 1998; Reij et 
al., 1996; Sidibé, 2005; Valentin et al., 2005). As the awarness about the socio-economic and 
environmental impacts of land degradation in north Ethiopia has increased, local communities 
and the government (particularly Tigray regional government) began the implementation of 
different physical and biological SWC structures since the last decades of 20th century and this 
has brought positive results (Desta et al., 2005; Frankl et al., 2013a; Haregeweyn et al., 2015a; 
Herweg and Ludi, 1999; Nyssen et al., 2009a). The densities of stone bunds in north Ethiopia, 
specifically in Geba catchment, were estimated at 2.3 to 5.6 km km-2 in 2007 (Amanuel, 
2009a). Several studies evaluated the effectiveness of SWC practices in the controling runoff 
and soil loss most often  using experimental plots (Descheemaeker et al., 2006a; Etefa et al., 
2017; Herweg and Ludi, 1999; Taye et al., 2013a; Vancampenhout et al., 2006). Before the 
implementation of the introduced SWC structures, indigenous SWC practices (i.e. daget or 
lynchets) have been also widely practiced by farmers for moisture conservation and to indicate 
their farm boundary (Nyssen et al., 2000). Despite their extensive implementation, data on the 
density and spatial distribution of SWC structures are rare. Likewise there is no general 
accepted technique developed for the measurement and mapping of SWC structures 
specifically stone bunds in cropland, using very high resolution images (e.g.Google Earth) are 
limited. Mekuriaw et al. (2017) applied automated linear feature mapping techniques to map 
SWC structures. 
Data on the densities and spatial distribution of gullies and SWC structures (daget, stone 
bund, terraces, check dams) installed over the last 80 years are very important to study the 
historical and present time environmental conditions. Data on densities and SWC structures 
are useful to model and map the hydrological condition (runoff) of a catchment over time and 
space.  Moreover, these data can be used as a basis for monitoring the progress of 
implementation of SWC practices. This study, therefore, aimed: 1) to develop a technique for 
mapping of gully and SWC densities; 2) to map and measure the density and spatial 
distribution of gullies and SWC practices (daget, stone bund, terraces, check dams), and 3) to 
analyze changes in the densities of gullies and soil and water conservation structures over the 
last 80 years (1935-2014). 
3.2  Materials and methods 
3.2.1 Study area 
Geba catchment (Figure 3.1), the study area, is located in the north Ethiopian highlands, 
between 13ᴼ16' to 14ᴼ15' N and 38ᴼ38' to 39ᴼ48' E. The catchment covers an area of 5142 km2 
with an elevation ranging between 900 m a.s.l. and 3300 m a.s.l. The Geba River flows towards 
the Tekeze River which eventually joins the Atbara River and the Nile in Sudan (Figure 3.1). 
 
Figure 3.1 Map of study area showing sampled 1935-36 aerial photograph locations (AP 
location) and traditional agro-ecological zones (i.e. kola = 900 – 1500 m, weyina 
dega = 1500 – 2300 m and dega = 2300 – 3300 m) of Geba catchment 
Steep volcanic mountains with vertical cliffs and plateaus, deep gorges, rugged terrain and 
rock outcrops characterize the catchment (Billi, 2015; Tesfamichael et al., 2010b). The slope 
gradients of the study area range from level to nearly vertical and were categorized as flat 
(<5%), sloping (5% – 15%), and steep gradients (>15%) (Figure 3.2). Sloping and steep 
gradients comprises respectively about 45% and 21% of the catchment while about 34% of the 
area is flat. Diversified lithologies and topography (Tesfamichael et al., 2010b) of the 
catchment are the basis for complex soil type distributions (Tielens, 2012a; Van de Wauw et 
al., 2008). Cambisols, Leptosols and Regosols are among the dominant soil types the 
catchment (Nyssen et al., 2008a; Tielens, 2012a; Virgo and Munro, 1978). On steep slopes, 
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shallow soils such as Leptosols and rock outcrops are commonly observed, and Fluvisols 
dominate in the valley bottoms (Nyssen et al., 2008a; Tielens, 2012a). 
 
 
Figure 3.2 Map of slope gradients and lithology of Geba catchment. The slope gradients 
averaged for 2.25 km2 were divided into three classes: flat (0% - 5%), sloping 
(6% - 16%) and steep (>16%) gradient. LSt – limestone; SSt – sandstone; Sh – 
shale; and V – volcanic lithologies. AP location – aerial photograph location. 
The Geba catchment has a tropical and semi-arid climate with a bi-annual rainfall 
distribution. The main rainy season of the region is from to July to early September and 
accounts for ca. 80% of the annual precipitation. Short season, intense showers with large drop 
sizes characterize the rainfall of the catchment (Nyssen et al., 2005; Virgo and Munro, 1978). 
Mean annual precipitation is ca. 640 mm ranging between 555 mm and 1200 mm. Distribution 
of rainfall is influenced mainly by topographic variables (slope aspect, orientation of the valley 
and slope gradient) (Nyssen et al., 2005). Annual evapotranspiration depth of Geba catchment 
ranges from 905 mm to 2538 mm (Hadush, 2012).The mean annual maximum average air 
temperature ranges from 21 to 31 ºC and the mean annual minimum air temperature ranges 
from 3 to 1 ºC (Araya et al., 2010a). 
Land use is dominated by cropland followed by shrubland (Amanuel, 2009a; Gebresamuel 
et al., 2010a). Shrubland and grassland are mainly found on sloping land and on steep slopes 
while croplands are found on flat and sloping gradients (chapter 2). The study area has lost its 
native forests a long time ago (Aerts et al., 2016b; Gebru et al., 2009; Nyssen et al., 2004a) 
and the remnant patches of forests account only for 2.3% which are usually limited to remote 
areas and around churches (Aerts et al., 2016b; Gebru et al., 2009; HTS, 1976b; Munro et al., 
2008b). An indigenous soil and water conservation, structure, i.e. the daget which is on 
cultivated strip on which grasses and trees are grown, have been practiced by local 
communities in earlier times which are nowadays replaced by the introduced soil and water 
conservation structures (Nyssen et al., 2000). Over the last few decades, large-scale physical 
and biological soil and water conservation structures such as stone bunds, check dams, hillside 
terraces, as well as exclosures have been  implemented in the catchment to reverse land 
degradation (Descheemaeker et al., 2006a; Herweg and Ludi, 1999; Munro et al., 2008b; 
Nyssen et al., 2014; Vancampenhout et al., 2006). 
3.2.2 Gully and SWC density measurement 
For this analysis we used the central part (1:11,500) and low-oblique part (1:13,000 – 1:18,000) 
of the aerial photographs that the Italian Military Geographical Institute took over the study 
area in 1935 – 36 (Nyssen et al., 2016b) as well as the corresponding site on Google Earth in 
2014. Google Earth images of the study area for the period from December 2013 to February 
2014 are based on Pleiades 1A and Pleiades 1B satellites (2 m resolution) and SPOT 6 satellite 
(1.5 m and 6 m resolution). The analyzed sample areas range from 2.5 km2 to 8 km2 with an 
average of 4.8 km2 (±1.53). The same location and area were selected on GE that correspond 
to each APs by using grid points (18 x 15 points) (Figure 3.3) . 
To measure the densities of gullies and soil and water conservation structures (daget, stone 
bunds, terraces) in the Geba catchment, 22 APs of sample areas were selected in order to have 
representative samples of the heterogeneous catchment, which is characterized by diversified 
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topographic settings and agro-ecological zones (Figure 3.1), lithologies and slope gradients 
(Figure 3.2). The area occupied by APs used as sample scenes was quite small (2%) as 
compared to the catchment area, this is due to the manual measurement technique which is 
time intensive but on the other hand the sample sites were fairly distributed over the catchment 
(Figure 3.1). 
The densities of gullies in 1935-36 (November to January) were assessed from APs whereas 
the densities of gullies in 2014 were obtained from Google Earth images. Likewise, daget 
systems were assessed from APs of 1935-36 while Google Earth was used for the stone 
bundes/terraces. Other types of soil and water conservation such as trenches and check dams 
(which do not concern vast areas in the study catchment) were not taken into account in this 
measurement. Google Earth has been used in successfully several studies, especially for 
geomorphological analysis. For example, a gully network study in Northern Ethiopia (Frankl 
et al., 2013a), mapping of density of scar network (Tesfaalem et al., 2016), mapping of river 
channel width, landslide and faults (Fisher et al., 2012) are among the studies used Google 
Earth image database. 
Grid points that were used to select areas on GE that corresponding to APs were also used 
to draw transect lines (along the column or row of the grid points depending on the orientation 
of the gullies) to count gullies and conservation structures in 1935-36 and in 2014. 
Accordingly, transect lines were established perpendicular to the gullies at an average distance 
of 135 m between consecutive transect lines. Similarly, densities of SWC structures were 
measured using transect lines selected across the structures of SWC at an average distance of 
ca. 112 m between consecutive transect lines. All gullies (active and stabilized) and SWC 
structures (daget system, stone bunds and terraces) encountered along the transect lines were 
counted. Active gullies refers to gullies that are not conserved with check dams and without 
vegetation.Counting of gullies and daget SWC structures were done by visualizing them on 
screen for both APs and GE images. Gullies and SWC structures were carefully identified from 
other linear features (e.g.footpath, farm boundery) based on their characterstics such as 
direction, shape, association, tone and location (Loelkes et al, 1983). With the exception of the 
main rivers, linear features running along hillside and that compose the drainage network were 
counted as gully. Thanks to the large scale of Italian aerial photographs and high resolution 
and terrain display of Google Earth images allowed to readily differentiate gullies and SWC 
structures from other features. Although drainage directions can be perceived from Italian 
aerial photography, Google Earth was very important to view the terrain of selected scenes 
which help to comfortably recoganize drainage and SWC structures directions found in the 
scenes. In 1935-36, it was common to view vegetation growth along gullies and daget system, 
which was used as supplementary indices for identification of these features. The method used 
to count the densities of gully and SWC structure aerial photographs neverthless is not perfect, 
due to different reasons such as problems related to photographs due to damage or scanning 
quality, similarity of feature characterstics, and local variablity in slope orientation. 
Simple linear and power regressions were used to describe the relationship between the 
densities of gullies and SWC structures and their influencing factors. Slope gradient and 
lithology are among the factors that predominantly determine the occurrence of gullies 
particularly in the semi-arid parts of northern Ethiopia (Frankl et al., 2013). Regression models 
between density of gullies and water conservation and inluencing factors were used to create 
density maps of gullies and SWC structures in Geba catchment, by creating raster layers of the 
independent variables in a GIS. Raster layers of explanatory factor and mapping was done at 
1.5 km x 1.5 km pixel size that are approximately the same size as the smallest scene area (2.25 
km2) of the interpreted APs. 
Accuracy assessments were carried out to verify the validity of density mapping of gullies 
and SWC structures for the 1935-36 and 2014 changes. For the accuracy assessment of 1935-
36 density maps, APs which were not used for mapping were used and the corrersponding 
areas on Google Earth were used for the accuracy assessment ofthe 2014 density maps. For 
this purpose 10 additional scenes (Figure 3.8) were randomly selected from different flight 
lines distributed over Geba catchment to count the densities of gully and SWC in 1935-36 and 
2014 using the technique (i.e. transect lines) previously applied in this chapter. The average 
densities of gully and SWC at the sample area were also extracted from density maps of 1935-
36 and 2014 for the accuracy measurement. 
3.2.3 Data analysis 
Gullies and SWC structures (daget, stone bunds, terraces) (Figure 3.3) counted along transect 
lines were converted to length (km) and density.(km km-2) The total length of gullies and SWC 
structures on each AP/GE was calculated as the product of the average number of gullies or 
SWC structures encountered along the transect lines on the photograph and the length of the 
AP/GE image perpendicular to the transect lines.  
Ltot = N * l           (1) 
Where; Ltot  = total gully or SWC  structure length (km) on scene, N = average number of 
gullies or SWC per transect line on photograph, and l = length (km) of the scene perpendicular 
to transect lines. 
Then the density of gullies and SWC, in km km-2, was calculated as the ratio of total length 
of gullies or SWC structures per change to the total area of the analyzed change. 
Dg = Ltot / A            (2) 
Where, Dg = density (km km-2) of gullies or SWC, A = area (km2) covered by the AP scene. 
The proportion of stabilized (vegetated and/or with installed check dams), non-active 
gullies, was calculated as the density of stabilized gullies divided by the total density. Density 
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of stablized gullies is derived from the total number of gullies with conservation per scene. 
Generally, the conservation treatment of gullies is done for the entire length or the larger part 
of a gully. Hence, gullies with at least a large part that is conserved with check dams and / or 
vegetation were counted as stablized gully. The Mann Whitney U test was used to test if there 
is a significant difference between the densities of gullies in 1935-36 and 2014. Accuracy 
measurement for the mapping of gully and SWC structure density was accomplished using 
linear regression between the measured and predicted densities of gullies and SWC structures 
of 10 selected scenes. All statistical data analysis were done in R 3.3.2 software while 
ArcGIS10.1 was used for spatial data processing and mapping.  
3.3 Results 
3.3.1 Densities and conditions of gullies in 1935-36 and in 2014 
The fact that the APs and corresponding GE images were taken in the dry season, was 
important to readily recognize gullies and SWC structures. During growing season these 
features are masked by vegetation, particularly it is difficult to identify stone bunds during 
crop growth as the technique is largely implemented on agricultural land (Mekuriaw et al., 
2017; Taye et al., 2013a). The transect line method was very fast and easy to tally gullies and 
SWC structures manually. Unlike the automated or semi-automated technique for linear 
feature extraction, the manual method is important to easily visualize and identify features but 
it is time consuming (Mekuriaw, et al., 2017). 
The measurement of gully density in Geba catchment in 1935-36 indicated the existence of 
already a large density of gullies in the catchment at that time: gullies were observed in all 
sampled APs except for two. The density of these gullies ranged from 0 to 2.19 km km-2 with 
an average density of 1.14 (±0.52) km km-2.  The measurement of gullies from GE for the 
present time (2014) revealed an increment as compared to the gully density in 1935-36 (Figure 
3.3). In 2014, the density of gullies ranged between 0 and 2.82 km km-2 with an average value 
of 1.59 (±0.82) km km-2. The Mann Whitney U test indicates that gully density in 2014 was 
significantly greater than the density in 1935-36 (P = 0.047, α = 0.05; N = 22 in this and all 
subsequent statistical analyses of this chapter). The result shows also that the increase of gully 
density has occurred in all observation areas except in two where no gullies were encountered. 
 
 
Figure 3.3 Example of soil and water conservation and gullies: a) on aerial photograph 
(December 02, 1935), b) on Google Earth (January 01, 2014).  Gullies and SWC 
structures are indicated by arrows: Daget system in 1935-36 and 2014 and 
introduced SWC in 2014 ( ), gullies in 1935-36 and 2014 ( ), new gully in 
2014 but not present in 1935-36 ( ) and check dam in gullies in 2014 ( ). Grid 
points are overlain on the photograph and image for sake of matching imagery 
as well as to use the points for establishing transect lines. Center of scene at 
13°41'7.80"N and 39°14'32.05"E; the land is sloping towards lower left of the 
scenery. In this scene transects were put along column grid points for gully 
density and along row grid points for SWC density measurement. 
 
The conditions of gullies, whether they were vegetated or check dams had beenconstructed, 
or not was also measured: 75% (±23%) in 1935-36 and 66% (±18%) in 2014. The average 
percentage of gullies in their channel with vegetation was greater in the 1935-36 than in 2014 




Figure 3.4 Condition of gullies in the 1930s and in 2014: a) on November 2, 1935, the 
gullies and their catchments were vegetated , b) on January 10, 2014 the gullies 
were characterized by less vegetation cover in their channels and catchments. 
Arrows indicate gullies. Center of scene at 13°39'0.58"N and 39°11'42.85"E. 
The land is sloping towards upper right of the scenery. 
 
 
Figure 3.5 Relationship between gully density and: a) slope gradient, b) cropland 
proportions in 2014 (C14) and in 1935-36 (C35) and c) shrubland proportions 
in 2014 (S14) and in 1935-36 (S35); Dg – Density of gullies, Dg14- in 2014, 
Dg35- in 1935-36 as well as d) collinearity between slope gradient and land use 
proportions 
The density and distribution of gullies could also be related to different factors including 
slope gradient, land use, lithology, rainfall, elevation and soil type. Simple linear regression 
indicates gully density increased with slope gradient both in 1935-36 (R2 = 0.52, P < 0.001) 
and 2014 (R2 = 0.54, P < 0.001) (Figure 3.5a). An analysis of simple linear regression 
relationships between gully density and land use indicates a strong association between gullies 
and cropland and shrubland (Figure 3.5b and Figure 3.5c): gully densities significantly 
decreased with increasing cropland proportion both in 1935-36 (R2 = 0.46, P < 0.001) and 2014 
(R2 = 0.45, P < 0.001) while inverse relationships were observed between gully density and 
shrubland proportion during both  the 1935-36 (R2 = 0.34 , P < 0.01) and 2014 (R2 = 0.39, P < 
0.01). However, in the multiple regression analysis only slope gradient was significantly 
associated with the density of gullies in both 1935-36 and 2014 which is related to 
multicollinearity between land use and slope gradient (Figure 3.5d). Regressions did not show 
significant relationships between gully densities and soil type, lithologies and climatic factors. 
3.3.2 Density of SWC (stone bund and terraces) 
The density of dagets (Figure 3.3a) was assessed from APs to analyze soil and water 
conservation practices in the 1935-35. The maximum density of SWC measured on the APs 
was 10 km km-2 and the mean density was 3 (±3) km km-2. No conservation practices were 
observed on about 20% of the APs. In 2014 different SWC introduced since about two decades 
were widely implemented in the study area (Figure 3.3b). These practices were encountered in 
all observation areas with a density ranging from 4 km km-2 to 42 km km-2 and an average 
density of 20 km km-2. The spatial distribution of both indigenous and introduced SWC was 
related to different potential influencing factors. Simple linear and power regression illustrate 
that the distribution of the SWC was significantly associated with share of cropland (Figure 
3.6): in 1935-36 (R2 = 0.78, P < 0.001) and in 2014 (R2 = 0.45, P = 0.015). By contrast, the 
densities significantly decreased with proportion of shrubland both in the 1935-36 (R2 = 0.61, 
P < 0.001) and 2014 (R2 = 0.41, P < 0.01). The distribution of the densities of SWC in 1935-
36 and in 2014 was also inversely correlated with slope gradient both in the 1935-36 (R2 = 




Figure 3.6 Density of conservation structures as influenced by cropland proportion in 2014 
(C14) and in 1935-36 (C35). Dswc – density of soil and water conservation, 
Dswc14 – in 2014, and Dswc35 – in 1935-36. 
3.3.3 Mapping of the density of gullies and SWC practices 
The density of gullies in 1935-36 and in 2014 was mapped (Figure 3.8) based on the linear 
relationship models established between gullies and slope gradient (Figure 3.5a). These maps 
illustrate the hotspot areas of gully erosion in Geba catchment over the last 80 years. The maps 
of SWC densities (Figure 3.9) created based on the simple linear regression (1935-36) and 
power relationship (2014) with cropland density in the respective year (Figure 3.6) 
demonstrate the history of land management in the larger part of the study area over a long 
period.  
 
Figure 3.7 Maps of predicted gully density created based on the relationship between 
measured gully densities and slope gradient. Dg35-36 = gully density in 1935-




Figure 3.8 Maps of predicted density of soil and water conservation (Dswc) in Geba 
catchment in. 1935 – 36 and 2014 Dswc at AP – measured density (km km-2) on 
sample aerial photographs. 
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Accuracy assessment of density mapping of gullies using regression between the predicted and 
measured densities (n =10).resulted in strong agreement: R2 =0.76 (in 1935-36) and R2 = 0.80 
(in 2014). Likewise, regression between the predicted and measured densities of SWC show 
strong agreement in both 1935-36 (R2 = 0.73) and 2014 (R2 = 0.88) (Figure 3.7). In addition, 
the average ratios of predicted to observed densities of gullies and SWC were computed: ratios 
of gully densities were 1.28 (±0.70) in 1935-36 and 0.84 (±0.19) in 2014 while ratios of SWC 
densities were 0.98 (±0.08) in 1935-36 and 0.90 (±0.12) in 2014. The independent t- test did 
not show significant difference when gully density ratio in 1935-36 and SWC density ratio in 
1935-36 are compared to 1 (assuming perfect prediction) while significnt differences were 
observed between 1 and the actual ratio of gully densities (P <0.05, n = 10) and SWC densities 
in 2014 (P < 0.05, n = 10). 
  
Figure 3.9 Accuracy assessment of density mapping (km km-2) in 1935-36 and 2014; Dg35 
= gully density in 1935-36, Dg14=gully density in 2014, Dswc35 = SWC 
density in 1935-36 and Dswc14=SWC density inn 2014  
3.4 Discussion 
3.4.1 Densities of gullies 
The occurrence of 1.14 km km-2 of gully density in Geba catchment in the 1935-36 evidences 
that land degradation had already occurred in the catchment before 80 years. This finding is in 
line with the result of Frankl et al. (2011a) that larger gullies were present in the northern 
Ethiopia during late 19th and early 20th century. Although the exact time period of incipient 
gullying is not known, Bard et al. (2000) documented that soil erosion began in northern 
Ethiopia in the middle Holocene. The longer history of human settlement and population 
growth in the regions and dependence on agriculture (Bard et al., 2000; Nyssen et al., 2009a) 
could have been one of the major reasons for the occurrence of gullies. Reports indicate that a 
large part of the land mass of Ethiopia (including its northern part) was once covered with 
dense forest which was then progressively deforested many years ago mainly due to human 
activities (Bard et al., 2000). Nyssen et al. (2009a) also discussed that the condition of 
vegetation in the last quarter of 19th century was better than in the 20th century. Hence, the 
progressive deforestation in the historical times could have resulted in serious soil erosion and 
formation of gullies in the study area. Nevertheless, in 1935-36 most gullies (75%) were 
vegetated in their channel ( 
Figure 3.4). These non-active but large number of gullies in 1935-36 indicate the long history 
of occurrences of gullies through processes mainly related to annual rainfall fluctuations (Bard 
et al., 2000). This result is in line with Frankl et al. (2013a) that gullies in the late 19th century 
were less active and vegetated. The density of gullies was also related to slope gradient, in 
agreement with previous studies (Frankl et al., 2013a). Due to rapid time of concentration, 
infiltration decreases while surface runoff volume and velocity increases in areas where the 
slope gradient is steepest which results in gully erosion particularly in semi-arid areas (Huang 
et al., 2013; Ribolzi et al., 2011). The increases of gully density with slope gradient could be 
also related to the large shear forces at steepest slope gradient particularly in semi-arid regions 
which is one of the important factors of soil detachment and erosion (Assouline and Ben-Hur, 
2006; Torri and Poesen, 2014)  
In 2014 the density of gullies had significantly increased as compared to the density in 1935-
36. High soil erosion rates have often been reported in northern Ethiopia which resulted in 
gully formation especially before the implementation of soil and water conservation practices 
in the region (e.g. Haregeweyn et al., 2015a; Virgo and Munro, 1978). The density of gullies 
in the study area in 2014 has a stronger correlation with slope gradient than in 1935-36 (Figure 
3.5a). This is in line with the increased clearance of vegetation in the catchment over the last 
80 years which led to larger runoff coefficient particularly on sloping and steep terrain and 
possibly a clear water effect in line with larger areas with outcropping bedrock. Brancaccio et 
al. (1997) explain the rapid gully expansion in the study area by the increased erosional power 
of storm runoff. Such clear water effect is enhanced by lower sediment load (Frankl et al., 
2015a), “associated with the advanced phase of soil erosion on the hillslopes where bedrock is 
outcropping” (Brancaccio et al., 1997), as also evidenced by.(Nyssen et al., 2006). Several 
studies reported significant land use/cover changes in the Geba catchment until the large scale 
soil and water conservation practices have been implemented in the Tigray region, northern 
Ethiopia (e.g. de Mûelenaere et al., 2014; Munro et al., 2008b; Nyssen et al., 2014). About 
66% of gullies in 2014 were not active in line with the wider implementation of check dams 
in the last few decades. However, unlike in the 1935-36 gullies were rarely vegetated along 
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their channel in 2014. Construction of roads, which was began after 1936 during Italian 
occupation in Ethiopia, might have contributed to the increment of gully density in the study 
area over the last 80 years as explained by Nyssen et al. (2002). The lower gully density 
occurrence on flat areas can be related to the fact that flat areas are mainly used for cropland 
(Figure 3.5d), with higher infiltration rates induced by tillage practices and vegetation cover 
in cropland during rainy season which decrease the volume and velocity of runoff (Taye et al., 
2013a). Conversely, the positive linear relationship between gully density and shrubland could 
be attributed to the increased velocity and energy of runoff in shrubland areas which are most 
often located in steep slope gradient in the study area (Figure 3.5d) and characterized by low 
vegetation cover and over grazed (Descheemaeker et al., 2006a; Taye et al., 2013a). Hence, 
the strong link between slope gradient and gully density is not only the result of runoff energy 
but also of related to land use and land management: on level lands, croplands and SWC is 
prevalent. 
3.4.2 Soil and water conservation  
The presence daget system in 1935-36 with the average density of about  3 km km-2 confirms 
the long history of indigenous of soil and water conservation practices by local community 
(Nyssen et al., 2000) which describe the awareness of local communities about its role in SWC. 
Nyssen et al. (2000) also measured 22.7 m ha-1 of daget present at one site of our study area, 
Hagere Selam, in 1974-1994 which is less than the density in the 1935-36 due to their removal 
by farmers to increase the size of farmland most likely after the 1984-85 famine. This 
traditional SWC was largely associated with cropland (R2 = 0.78) as the main objective of the 
practice was to increase crop production by conserving fertile soils and moisture. Similar 
observation was also reported by (Nyssen et al., 2000) that the density of daget was much 
higher on cropland than other land use/cover. The practice of daget ca. 50 years ago in southern 
Tigray, is also reported by Lanckriet et al. (2015).  Such indigenous SWC practices have been 
practiced by local communities over a long period of time in different countries (e.g. 
Engdawork and Bork, 2014; Reij et al., 1996). According to the review of Reij et al. (1996) 
some indigenous SWC practices failed, some were sustained and some were used as basis for 
the development of the new SWC technologies which are widely practiced nowadays. 
In northern Ethiopia, over the last three decades the indigenous practices were either 
removed for scale of using the fertile soil accumulated in it or replaced by the introduced SWC 
(Nyssen et al., 2000).  In 2014, a higher density of SWC (stone bund and terraces) was 
measured as compared to the traditional SWC. On average, 20 km km-2 of stone bunds and 
terraces were present in 2014 which is about six times of the earlier density of daget.  This 
confirms the large-scale implementation of SWC practices in different land uses including 
cropland, grazing land, bare land and degraded shrubland although the density of stone bunds 
is higher in cropland (Taye et al., 2013a).  The effectiveness of the introduced SWC, which 
are widely implemented in Tigray  region, in the control of soil erosion, reduction of sediment 
transport and runoff has been well documented (Descheemaeker et al., 2006a; Desta et al., 
2005; Nyssen et al., 2007; Vancampenhout et al., 2006). 
3.4.3 Mapping of gullies and SWC 
The simple linear and power regression models developed, based on the measured data of 
gullies and SWC, were successfully used for mapping the density of gullies and SWC at Geba 
catchment level (Figure 3.8 and Figure 3.9). In all cases, the developed maps show similar 
patterns with the measured densities at sample locations. These maps contain the density of 
gully and SWC at any pixel, hence continuous data on gully and SWC are available at the 
catchment level at 1935-36 and 2014.  
 
Several experiences also exist on the mapping of a variable including gullies and SWC,  
based on model developed, spatial interpolation of sample measurement and secondary data 
(reports) and automated or semi-automated extraction from images (e.g. Amanuel, 2009a; 
Hughes et al., 2001; Knight et al., 2007; Mekuriaw et al., 2017) (Table 3.1). These authors 
mapped density of gullies and SWC using different data sources, method and resolution which 
have determined the accuracy of the mapping (Table 3.1). In contrast to these earlier studies, 
the accuracy of the maps of gullies and SWC that we developed are higher: 77% in 1935-36 
and 73% in 2014 for the map of gully density and 89% in 1935-36 and 87% in 2014 for the 
map of SWC density. Hence, these accuracies confirm that the method we have applied for 
mapping is feasible to map the density of gullies and SWC.  
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Table 3.1 Mapping methods applied for gullies and SWC density over wider areas 
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5142 km2 1:11, 500 to 
1:18,000 
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study  87% (SWC) and 
73% (gully) 
 
In line with its strong conditions to slope gradients in both years, he gully density map of 
2014 demonstrates that areas where gullies started before 80 years remained as hotspot areas 
of gully erosion in 2014 while showing progressive expansion over the entire study area which 
is related to land use/cover changes and weak land management over the last 80 years (de 
Mûelenaere et al., 2014; Lanckriet et al., 2015; Nyssen et al., 2014). The SWC map   of  2014 
demonstrate higher practices of SWC over the study area at present time which is in line with  
several reports on the large-scale implementation of SWC practices in the last two to three 
decades (e.g. Amanuel, 2009a; Descheemaeker et al., 2006a; Haregeweyn et al., 2015a; 
Nyssen et al., 2014). Our SWC density map in 2014 (Figure 3.9) fits to the overall pattern, 
with some exceptions, of the map created by Amanuel (2009a), using 2005 – 2007 data 
obtained from Tigray Bureau of Agriculture and Natural Resources, although resolution is 
totally different and values mapped are less. These differences could be linked to quality of 
data, scale of interpolation and time period. Areas which were given priority, i.e. cropland, for 
soil and water conservation practices over the study area in 1935-36 and 2014 are also revealed 
by these maps. Moreover, the study identified areas where urgent implementation of SWC is 
needed in the catchment. 
3.5 Conclusion  
Land degradation due to gully formation mainly by water erosion was a common phenomenon 
in northern Ethiopia for the last several decades or even more than a century. Gullies were 
recorded in 91% of observation areas (APs with average area of 4.8 km2) in the study area 
illustrating that the catchment has experienced gully formation over long time. On average, 
1.14 km km-2 gully density was measured in 1935-36. The larger portion (75%) of these gullies 
were less active (vegetated) which can be explained by the presence of high vegetation cover 
upstream of the gullies which can control runoff velocity and depth. Our results indicate that 
the density of gullies has significantly increased to 1.59 km km-2 over the last 80 years. Beside 
density, the condition of gully channels in 2014 was different from 1935-36 as in the present 
time gullies are active, probably due to removal of vegetation from the gullies and from their 
catchment. But thanks to the construction of check dams in gullies in recent decades  about 
66% of gullies had become stabilized by 2014 (Figure 3.3b) which significant effect in 
controlling runoff. Our study also indicated that the spatial distribution of gullies in both 1935-
36 and 2014 was determined by slope gradient. 
The result of this study also indicated the long history of soil and water conservation in 
northern Ethiopia. The assessment of SWC practices in 1935-36 depicted that there was about 
3 km km-2 of indigenous practices (daget or lynchets) in the study area which indicates 
community awareness on soil and water conservation to maintain soil productivity. As a 
spontaneous measure, this practice was strongly associated to the proportion of cropland (R2 
= 0.78). In 2014, the introduced SWC practices that had been widely implemented over the 
last three decades were recorded in all observation areas with high density (20 km km-2).  
Unlike daget, the introduced SWC practices were implemented in areas with various land 
use/cover such as cropland, grazing land, bare land and degraded shrubland.  
Models developed based on the spatial data of gullies, SWC and explanatory factors were 
successfully used for mapping the density of gullies and SWC at Geba catchment. The 
developed maps show similar patterns with the measured densities at sample locations. The 
high accuracy mapping in this study confirms the feasibility of the method applied for mapping 
the density of gullies and SWC. The maps show hotspot areas of gully occurrences over the 
Geba catchment in 1935-36 and priority areas forcurrent soil and water conservation. Hence, 
these density maps of gully and SWC can be used as a tool for control of soil erosion (i.e. gully 
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expansions) and for further implementation of the soil and water conservation activities which 
are underway in northern Ethiopia. 
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 4 Effects of check dams on runoff 
characteristics along gully reaches  
This chapter is modified from: 
Etefa G, Frankl A, Zenebe A, Poesen J, Nyssen J. 2017. Effects of check dams on runoff 
characteristics along gully reaches, the case of Northern Ethiopia. Journal of 




In the Highlands of Northern Ethiopia soil and water conservation (SWC) 
practices, including construction of check dams in gullies, have been widely 
implemented for the last three decades. Despite this, the effect of check dams on 
runoff response is not well understood as compared to those of other SWC 
practices. Hence, this study examines the effects of check dams on runoff 
response in gully channels. V-notch weirs were installed to measure a wide range 
of discharges at the upper and lower sections of five gully reaches: two channel 
cut in sandstone (a gully with check dams and vegetation (SCV) and an untreated 
gully (S)) and three cut in limestone (an untreated gully (L), a gully with check 
dams and no vegetation (LC) and a gully with check dams and vegetation (LCV)). 
Automatic sensors were installed to monitor runoff depth (76 events in all 
reaches) during two rainy seasons (29/08/14 - 17/09/14 and 24/7/15 – 14/09/15). 
Runoff characteristics at the lower section of every gully reach were calculated at 
50 m, normalized length of gully reaches. In the sandstone area, the results show 
longer lag times of runoff to reach the lower section of the channel reach in the 
treated gully (SCV) compared to the untreated gully: difference in lag time equals 
51% for runoff initiation, 61% for peak runoff and 44% for runoff end. An 
increase of hydraulic roughness by check dams and water transmission losses in 
deposited sediments are responsible for the delay of runoff. In the limestone area, 
different time lags were recorded in different gully reaches regardless of the 
treatment effects (lag to runoff initiation, lag to peak flow and lag to runoff end 
were larger at LC, L and LCV, respectively). The reduction of peak runoff 
between the upper and lower gully sections was larger in the gullies with check 
dam and vegetation (8% – 17%) than in gullies without treatment (5% – 6%). 
Reduction of runoff volume between these 2 gully sections was also larger in 
treated gullies than in untreated gullies: i.e. 18%, 9% and 8% in SCV, LCV and 
LC, respectively while it was only 4% in S and 6% in L. This study shows that 
the implementation of check dams combined with vegetation reduced peak flow 
discharge and runoff volume as large sections of runoff infiltrated in the 
sediments deposited behind the check dams. As gully check dams are 
implemented in a large areas of the North Ethiopia Highlands, this contributes to 
groundwater recharge and increased river baseflows. 
Keywords: Gully control, lag time, Northern Ethiopia, peak runoff discharge, 
runoff volume, Tekeze basin 
4.1 Introduction 
Soil and water conservation (SWC) practices affect the water balance of a catchment by 
altering the major hydrological components. Hillslope runoff, base flow and stream flow are 
influenced through the implementation of different SWC practices e.g. terraces, check dams, 
afforestation (Haregeweyn et al., 2015b; Huang and Zhang, 2004; Zhang et al., 2014). In the 
Tigray region of north Ethiopia, extensive SWC structures have been installed during the last 
three decades. Dry masonry stone bunds on hillslopes and check dams in gullies resulted in 
enhanced infiltration and spring discharge and reduced soil erosion rates (Nyssen et al., 2010; 
Nyssen et al., 2008b; Nyssen et al., 2008c) while gullies are stabilized following check dam 
construction (Frankl et al., 2013a). A significant decrease of runoff production was reported 
after installing exclosures on degraded land (Descheemaeker et al., 2006a) and implementation 
of stone bunds with trenches on cultivated land and rangeland (Taye et al., 2013b). 
A check dam is a structure constructed of stone or other material placed across the flow 
channel to be used as a barrier for soil and water losses. It is a common SWC technique used 
in areas where gully development is a problem (Frankl et al., 2011a & 2013; Huang et al., 
2012; Nyssen et al., 2004b). It is widely implemented in China (Xiang-zhou et al., 2004), 
Ethiopia (Nyssen et al., 2004b), Italy (Bombino et al., 2009; Lenzi and Comiti, 2003), US 
(Diaz-Ramirez, 2014), Spain (Romero-Diaz et al., 2007) and Iran (Hassanli et al., 2009). 
A catchment affected by gullies experience many environmental problems among which 
are soil loss, siltation of rivers, reduction of baseflow, larger but short-lived stream flow, etc 
(Costa et al., 2007; Poesen et al., 2003). Several studies indicated the effectiveness of check 
dams in slowing down water and sediment movement along gully and stream channels (e.g. 
Castillo et al., 2007; Hassanli et al., 2009; Nyssen et al., 2004b; Polyakov et al., 2014; Remaître 
et al., 2008; Xiang-zhou et al., 2004; Xu et al., 2013). Nyssen et al. (2010) evaluated the impact 
of check dam constructed in degraded catchments on runoff abstraction and concluded that 
this intervention resulted in the rise of the ground water table, emergence and expansion of 
cropped fields in stabilized gullies and prolonged crop-growing periods. Despite its extensive 
practices and environmental importance, particularly in arid and semi-arid regions, its effect 
on runoff characteristics is poorly understood in Ethiopia as compared to other SWC 
techniques such as exclosures or stone bunds (Descheemaeker et al., 2006a; Nyssen et al., 
2010; Taye et al., 2013b; Vancampenhout et al., 2006). In north Ethiopia where check dams 
are widely implemented as a SWC technique to control gully erosion (Nyssen et al., 2004b), 
the extent to which it affects hydrological processes such as on peak flow, lag time, runoff 
volume and infiltration has not been quantified. The runoff responses in gullies to check dam 
construction depend on lithology and vegetation characteristics in the gully. Check dams may 
also impact the transfer of runoff from uplands to lower areas and hence also the runoff 
connectivity in the landscape. We hypothesise that check dams have a significant effect on 
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runoff characteristics in gullies. To evaluate the impact of check dam construction in gullies 
on runoff, it is important to compare the runoff response of gullies with and without check 
dams. The objectives of this study are to quantify the time delay of runoff at lower sections of 
gully reaches due to check dam construction in different lithologies and to quantify the peak 
flow and runoff volume reduction due to check dams constructed in gully reaches. 
4.2 Materials and methods 
4.2.1 Study area 
The study area (Figure 4.1) is located in the Dogu’a Tembien district (Hagere Selam), Geba 
catchement, Tigray region, north Ethiopian highlands, ca. 45 km west of Mekelle, capital of 
the region. Geographically it is located at 13ᴼ40' N, 39ᴼ14' E, at elevations around 2430 m 
a.s.l. Specifically, five gully reaches, were chosen as experimental sites in order to represent 
the two dominant lithologies of the study area (Figure 4.1and Figure 4.2). Two gully reaches 
in sandstone were selected: One gully with check dams and vegetation (SCV) and one 
untreated gully (S). Three gully reaches in limestone were chosen: an untreated gully (L), a 
gully with check dams but without vegetation (LC) and a gully with check dams and vegetation 
(LCV) (Table 4.1). The study area was selected as it is one of the more degraded areas in the 
region but extensive SWC measures have also been implemented including check dam 
construction for gully erosion control. 
The study area is characterized by a short but intense rainy season restricted to mid-July to 
early September (Nyssen et al., 2005). Annual average precipitation ranges from 550 to 900 
mm (Gebresamuel et al., 2010b; Nyssen et al., 2005; Taye et al., 2013b). The precipitation is 
also characterized by intense showers (Virgo and Munro, 1978) and large drop sizes (Nyssen 
et al., 2005). Considerable interannual variability of rainfall and severe soil moisture deficit 
characterize the region. The average monthly air temperature varies between 12 and 19 °C. 
 
Figure 4.1 Study area with locations of the five gully reaches (S, SCV, L, LC and LCV) in 
two lithologies (Amba Aradam Sandstone and Agula shale Limestone). Source 
of Geological map: Tesfaye and Gebretsadik (1982). S = gully reach in 
sandstone without check dam and vegetation; SCV = gully reach in sandstone 
with check dams and vegetation; L = gully reach in limestone without check 
dam and vegetation; LC = gully reach in limestone with check dams but without 
vegetation; and LCV = gully in limestone with check dams and vegetation 
 
The soils of the study area are young due to active erosion and deposition process (HTS, 
1976a; Nyssen et al., 2008c; Van de Wauw et al., 2008). At the studied gully sites on sandstone 
and limestone Cambisols and Regosols dominate (Van de Wauw et al., 2008). The channel 
bed and walls (especially at the lower part) of S gully are very stony and show very little soil 
profile development while gully channels with check dams are filled with 1 – 2 m thick coarse 
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sediments, resulted in sandstone alluvio-colluvial fill in SCV and mixture of limestone and 
sandstone fill in LCV and LC. Both sides (walls) of the channel of treated gullies with check 
dams are characterized by shrub and grass vegetation. However the vegetation in the LC gully 
channel bed was completely cleared in order to contrast it with the vegetated LCV gully. 
 
 
Figure 4.2 Selected gully reaches with and without check dams and vegetation along the 
channels. For information of S, SCV, L, LC and LCV see Figure 4.1. Google 
Earth photos corresponding to these gully reaches are given in appendix A4  
 
The livelihood of the people of the study area mainly depends on agriculture, hence land 
use is dominated by cropland followed by grazing land, shrubland and bare land (Gebresamuel 
et al., 2010b; Taye et al., 2013b). Rangelands are mainly found on steep slopes and are 
overgrazed by livestock so that these lands have a low vegetation cover. The study area has 
lost its native forests a long time ago (Gebru et al., 2009; Nyssen et al., 2004b) and the remnant 
patches of forests are usually limited to inaccessible areas and around churches (Gebru et al., 
2009; HTS, 1976a; Munro et al., 2008a). Land use patterns have resulted in severe soil erosion 
and gully formation in the area (e.g. Frankl et al., 2011a & 2013; Munro et al., 2008a; Nyssen 
et al., 2004b). Over the last three decades, extensive land management activities have been 
made to reverse environmental degradation (Descheemaeker et al., 2006a; Munro et al., 2008a; 
Nyssen et al., 2004b; Taye et al., 2013b). The establishment of stone bunds on farmland 
(Nyssen et al., 2008c; Taye et al., 2013b; Vancampenhout et al., 2006) and the construction of 
check dams in gullies (Frankl et al., 2011a; Frankl et al., 2013a; Nyssen et al., 2004b) have 
resulted in significant positive effects on environmental restoration. At present, forests are re-
appearing following rehabilitation of marginal lands or exclosures (areas set aside for 
restoration of vegetation) implemented in the region (Aerts et al., 2006; Descheemaeker et al., 
2006a; Munro et al., 2008a). 
4.2.2 Installation of measuring set up 
The selected gully reaches were delimited based on the possibility to divert side runoff between 
the upper and lower sections of the gully, which depends on the shape of gully banks 
(Figure 4.3). Diversion canals were constructed on both sides of the gullies so that external 
inflow runoff could not enter the targeted gully reaches (Figure 4.3). The average channel 
slope between the two gully sections ranged from 4.6% to 5.8% (Table 4.1).The height of 
check dams across all gully reaches ranges from 0.5 m to 1.8 m constructed with stone bund 
all of which are filled with sediments. 
Disturbed and undisturbed samples were collected from each gully bed, between the upper and 
lower V-notches to determine organic matter content, dry bulk density and texture. Two 
composite sediment samples (one closer to the upper section and the other closer to the lower 
section) from each gully reach were taken from 50 cm deep pits and two core samples of 
undisturbed channel bed materialUndisturbed samples were collected using Kopecky rings 
with a volume of 100 cm3 for dry bulk density measurment and composite soil samples 
collected from pits were used for texture and organic matter content determination. . 
Vegetation cover in the gully reaches was estimated visually while slope gradients was 
measured by using a clinometer. The average channel width of the gullies was calculated from 
the measurement of widths at every 10 m along the gully. The runoff contributing area (up-
stream of gully reaches) varies from 4.5 to 15 ha (calculated from Google Earth) and are 
characterized by different land use/cover (LUC) including cropland, grassland, built-up area 
and vegetation and soil and water conservation structures. Cropland is the dominant LUC in 
all catchments except LC catchment which is dominated by shrubland (exclosure). 
Characteristics of the gully reaches at the study sites are summarized in Table 4.1. 
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Table 4.1 Study site characteristics between the upper and lower V-notches in the selected gully reaches. NA = not available, LUC 























































L 4.5 0 0 1.45 56 81 364 0.058 NA 2.06 clay 1.4 
















Figure 4.3 Schematic representation of V-notch installation at the upper and lower section 
of gully reach. The gully length is not at scale for sake of clarity 
 
To monitor runoff, 90ᴼ V-notched weirs (Bos, 1989; Hudson, 1993) were installed at the 
upper and lower sections of gully reaches (Figure 4.4). The V-notch weir has an overflow edge 
in the form of an isosceles triangle capable of  measuring a wide range of discharge  (Bos, 
1989; Hudson, 1993). The study sites are characterized by high runoff and sediment transport 
capacities (Haregeweyn et al., 2005). As a fully or partially contracted V-notch (Bos, 1989; 
Hudson, 1993) is sensitive to sedimentation, the modified 90-degree triangular V-notch (van 
den Elsen et al., 2003) was adopted. This modified V-notch has 2 cm height below the V-notch 
opening, 100 cm height opening and 2 m length across the flow channel. The wall of the V-
notch (50 cm thick and 50 cm foundation) was constructed with stone and cement to avoid the 
risk of collapse. Canals were constructed between the upper and lower gully sections to divert 
side external inflow (Figure 4.3) and construction of side walls was also necessary to control 
bypass of water (Figure 4.4). 
 
Figure 4.4 V-notch, diversion canal, side wall, sensor and runoff in gully reach in sands 
stone (S). 
 
Monitoring of runoff depth was done by installing e+ WATER 100L sensors (Figure 4.4) 
which combine a data logger at the base to measure the water pressure and atmospheric 
pressure sensor above the water surface. This sensor measures a 0 – 100 cm water column with 
5 mm accuracy and 1 mm resolution. The runoff measurements were done from 29 August - 
17 September in 2014 and from 24 July – 14 September in 2015. 
Automatic tipping bucket and manual rain gages were installed at three locations: Adi 
Kolakol close to S and SCV, Adigoshu station nearby LCV and LC and Alassa station close 
to L gully (Figure 4.1). 
4.2.3 Runoff discharge equation 
Several equations for flow discharge calculation are available from the flow depth produced 
by 90-degree V-notch weirs (Bos, 1989; Hudson, 1993). As the V-notch used for the present 
study is modified in order to fit the local conditions, the modified discharge calculation 
equation (van den Elsen et al., 2003) was adopted to describe the runoff depth as open channel 
rate (Q): 













Where Q = discharge (m3/s), 𝐶 = correction factor, 𝑔 = 9.8 (m/s2); ℎ𝑐= depth of flow (m) 
and 𝜃= angle of V-notch (°). 
C combines Cd and Cv coefficients. Cd is a correction factor, also called discharge 
coefficient, to be applied to correct for effects such as viscosity, turbulence and a non-uniform 
flow distribution (Bos, 1989). Applying this correction factor is important as high suspended 
sediment concentrations in the study area causes higher flow viscosities. While it is also 
affected by the type of weir the coefficient Cd ranges from 0.93 to 1.02 (Bos, 1989). Cv is a 
correction factor for water velocity upstream of the V-notch. In line with earlier studies (van 
den Elsen et al., 2003), 0.9 is assumed as correction factor (C) and the value was also checked 
as it is accurate by comparing discharge obtained by the equation and discharge from direct 
measurement of velocity multiplied by cross-sectional area of the stream (van den Elsen et al., 
2003). 
The discharges obtained from equation 1 were used to calculate the total runoff event 
volume. 
The relative reduction of peak flow discharge at the lower section of the gullies was 
calculated as (eq. 2): 
% reduction in peak discharge = 
∆𝑄𝑝
𝑄𝑝𝑢
 𝑥 100       (2) 
Where, ∆𝑄𝑃 is the difference between upper peak flow discharge (𝑄𝑝𝑢) and lower peak flow 
discharge (𝑄𝑙𝑢). 
 
The relative reduction of runoff volume between the upper and lower sections of gully reaches 
was calculated as (eq. 3): 
% reduction in volume = 
∆𝑉
𝑉𝑢𝑝𝑝𝑒𝑟
𝑥100                (3) 
Where, ∆𝑉 is the runoff volume difference between the upper (𝑉𝑢𝑝𝑝𝑒𝑟) and lower (𝑉𝑙𝑜𝑤𝑒𝑟) 
section of the gullies. 
 
4.2.4 Data analysis 
The hydrographs were constructed for each runoff event at the upper and lower cross-sections 
of all gully reaches. Different lag times (lag to initiation, lag to peak and lag to end) of runoff 
to reach the lower V-notches were computed and compared among gully reaches. The 
proportion of average difference between upper and lower peak discharges, flow time and 
runoff volume are important parameters to compare the effects of gully characteristics on 
runoff. Simple linear regressions were performed to correlate event peak flow discharges to 
event maximum rainfall depth per 5 min, peak flow discharge reduction to maximum event 
rainfall depth and intensity, event volume of runoff to rainfall to draw conclusions on the 
relationship between rainfall parameters and runoff in gully conditions. All runoff values at 
the lower section of all gully reaches are linearly standardized to a length of 50 m of gully 
reach for analysis, which is approximately the same size with the smallest gully reach (L, 56 
m). The non-parametric Kruskal–Wallis test was used to check if lag times, reduction of peak 
flow discharges and reduction of runoff volume in gully reaches are significantly different. 
Student’s t-test was used to check the significance of differences in peak flow discharges and 
runoff volume within gully reaches and also to compare mean differences of lag times, peak 
flow discharge and runoff volume reduction in gully channels within and between lithologies. 
All statistical analyses were performed using SPSS version 20.0.0 
4.3 Results 
4.3.1 Rainfall 
Daily rainfall data is available for three stations (Figure 4.5). The total rainfall depths recorded 
from 29 August - 17 September in 2014 and from 24 July – 14 September in 2015 at Adi 
Kolakol station (SCV and S), at Adigoshu station (LCV and LC) and at Alassa station (L) are 
393.6, 348.4 and 272.3 mm, respectively. Event rainfall intensity and maximum rainfall depth 
per 5 min data are available over the measurement period for Adi Kolakol station while for the 
other two stations the data are available only in the second year. All daily rainfall depths over 
the monitoring period (in 2014 and 2015) and the rainfall depth that correspond to the 






Figure 4.5 Daily rainfall (P) at three sites over the measurement period (29 August - 17 
September in 2014 and from 24 July – 14 September in 2015); and PRunoff – 
rainfall depth corresponding to the individual runoff events analyzed (i.e. the 
markers indicate the rainfall for the runoff events used at each site). For 
information of S, SCV, L, LC and LCV see Figure 4.1. 
 
Most storms with less than 5 mm did not create runoff. Some runoff data were cancelled 
from further analysis due to inflow of side runoff following accidental collapses of the runoff 
diversion canal or due to blocking of sensors by sediments. Figure 4.6 shows rainfall 
characteristics at the study sites, all are means over the monitoring period. The mean and 
duration of storm are larger in LCV and smaller in L while the intensity and peak are larger in 
Adi Kolakol and smaller at L. 
 
 
Figure 4.6 Rainfall characteristics (mean rainfall intensity, mean maximum rainfall depth 
per 5 min recording interval, and mean rainfall depth) and rainfall duration 
measured at three rain gauge stations (Adi Kolakol for S and SCV, Adigoshu 
for LC and LCV and Alassa for L gully) corresponding to the analyzed runoff 
events. All means were calculated from rainfall events measurement. For 
information of S, SCV, L, LC and LCV see Figure 4.1. 
4.3.2 Runoff hydrographs at upper and lower section of gully reaches 
Runoff hydrographs were produced at the upper and lower section of all gully reaches. In total, 
76 runoff events were recorded in the five gully reaches. The results show that all hydrographs 
at the upper and lower stations within each gully have the same shape but are different in time, 
peak discharge and runoff volume. The hydrographs allow to compare the time elapsed for 
runoff to reach the lower station with reference to the upper station. The hydrographs show 
variable lag time to runoff initiation, lag to peak and lag to end of runoff between the inlet and 
outlet of the gully reaches. Gullies with check dams and vegetation show larger differences in 
lag times between the upper and lower sections of the gullies (Figure 4.7). The runoff 
hydrographs also show that the time of the rising limbs are very short while falling limbs are 
longer in untreated gullies. 
Differences in the peak flow discharge were also observed from each hydrographs. Among 
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and lower sections was 0.7% at S while the highest loss of peak flow discharge was recorded 
at SCV (52.2%).  
 
Figure 4.7 Example of runoff hydrograph in gullies without check dam and vegetation (S) 
and with check dams and vegetation (SCV) in the same lithology during the 
same rainfall event (02 Sep 2015) and approximately the same runoff discharges 
at the upper section of the gully reaches. Different lag times (Li - lag to runoff 
initiation, Lp – lag to peak flow and Le – lag to end runoff) are also indicated 
4.3.3 Lag time 
Lag time, is defined as the delay time of runoff initiation, peak and end at a lower monitoring 
station of a gully in reference to runoff at the upper monitoring station of the same gully reach. 
These lag times are useful runoff characteristics to evaluate the effects of check dams on the 
delay of runoff along gully reaches. 
Comparison of lag to runoff initiation at the lower gully reach section shows that runoff was 
delayed by, 3.59 (±3.64) min, in L followed by SCV, while the lowest mean lag time (1.69 
±1.26 min) was recorded at S (Table 4.2). In SCV the time to runoff initiation at lower section 
is significantly different as compared to the lag time in S and LC. Neither lithology alone nor 
the interaction effect of treatment (check dam and vegetation) and lithology was found 
significant on the lag time of runoff initiation. 
Testing for the differences in lag time to peak flow discharge at the lower section of the 
gully reaches showed that the lag time to peak discharge was significantly delayed in SCV 
(3.07 ±2.57 min) as compared to all gullies in limestone and sandstone lithologies, but for the 
other treatments this lag time was not significantly different (Table 4.2). Considering 
individual runoff events, the lag time to peak flow discharge ranges from 0.24 min at L gully 
reach to 9.26 min at SCV gully reach. 
 
Table 4.2 Average lag time between upper and lower gully reach sections at different times 
(runoff initiation, peak, and end) on runoff hydrographs, after standardizing all 
values to 50 m gully reach length. n = number of runoff events. For information 
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1.69 a  
(±1.26)  
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Average lag times within a column which have no common letter are significantly different at 
significance level 0.05. 
 
The time differences that the flows ceased at the upper and lower sections were also 
computed and comparisons were made between the five gully reaches. The results show that 
the lag time to stop runoff ranges from 0.04 at LC to 18.27 min at SCV. Kruskal–Wallis test 
indicated that the installation of check dams combined with vegetation in gullies has a 
significant effect on increasing the time elapsed by runoff to stop at the lower sections of 
gullies. Pairwise mean comparison revealed that lag time to cease runoff at lower section of 
gully reaches were significantly higher in SCV (8.83 ±4.16 min) and LCV (9.59 ±2.75 min) 
than in S (4.98 ±2.88 min) (Table 4.2). Moreover, the lag time in LCV was significantly 
greater than in LC and L within the limestone lithology. The results also show that check dams 





4.3.4 Peak flow discharge 
Event peak flow discharges were correlated to event maximum rainfall depth per 5 min 
(Figure 4.8a) and the relation shows a strong exponential relationship for both upper and lower 
sites (R2 = 0.55). Kruskal-Wallis tests were carried out to check whether there are significant 
differences in peak flow discharges between the upper and lower gully reach sections. The test 
did not show any significant difference for all gully reaches. The average peak flow discharges 
at upper and lower sections of each gully reach were computed over the measurement period 
to analyse the decrease of peak flow along gully reaches (Table 4.3). As external inflowing 
runoff was diverted and the rainfall on the gully itself was considered negligible, one may 
expect the peak flow discharge at the upper section to be larger than at the lower section of 
gully reach. 
 
Table 4.3 Summary of different runoff parameters of the study sites at upper and lower sections for the studied gully reaches. 
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Average of peak flow reductions were calculated from each event reduction, not directly from the mean peak flows of upper 
and lower gully sections. Peak flow discharge reduction and volume differences in the columns which have no 






Figure 4.8 Relationships between (a) peak flow discharge – maximum rainfall depth per 5 
min at upper section (Upper) and lower section (Lower) of gully reaches; (b) 
peak flow discharge reduction – maximum rainfall depth per 5 min; and (c) peak 
flow discharge reduction – rainfall intensity over all gully reaches. Data points 
in all curves are event based over the five gully reaches. n = 52 is number of 
events for which rainfall intensity was measured. 
The reductions of peak flow discharges between the upper and lower sections were stronger 
in the gullies with check dams (8% – 17%) than in gullies without check dams (5% – 6%) 
(Table 4.3). 
The non-parametric Kruskal–Wallis test showed important differences in the reduction of 
peak flow discharge between gully reaches. Gullies with treatments (check dams, vegetation) 
have significantly reduced peak flow discharges relative to untreated gullies with the highest 
reduction reaching 52.2% at SCV gully (Table 4.3). Treated gullies do not vary significantly 
from each other as was also found between untreated gullies. Within each gully reach, peak 
flow reduction is correlated to event rainfall depth and intensity in which inverse relationships 
were found, however coefficients of determination are small in both curves (Figure 4.8b & c). 
4.3.5 Runoff volume 
The relationships between event rainfall and runoff volume were analysed at all sites by simple 
linear regression (Table 4.4). Positive and significant linear relations were observed between 
event runoff volume and rainfall for the upper and lower sections of all gully reaches except 
in L gully. Across all gully reaches, linear regression between rainfall and runoff volume at 
upper section of gully reaches showed that rainfall explained about 55% of runoff volume 
generation (Figure 4.9). The dependence of runoff volume on rainfall, especially where 
significant relations were observed, ranges from 0.63 at LC to 0.89 at S gully (Table 4.4). 
Hence, in our study area, with typically short but intense storms, rainfall is an important 
explanatory factor for prediction of runoff volume in gullies with different characteristics. 
Table 4.4 Event rainfall – storm runoff volume relation; with indication of R2 of the 
regression function described by slope and significance level (0.05). Upper = 
upper gully section, Lower = lower gully section. For information of S, SCV, L, 
LC and LCV see Figure 4.1. 
Site Station Slope R2 n 
S 
Upper 69.2 0.89* 17 
Lower 68 0.88* 17 
SC 
Upper 22 0.73* 17 
Lower 20.9 0.72* 17 
L 
Upper 10.6 0.29 12 
Lower 10.1 0.28 12 
LC 
Upper 3.7 0.64* 15 
Lower 3.6 0.63* 15 
LCV 
Upper 26.5 0.62* 15 
Lower 24.6 0.64* 15 






Figure 4.9 The relationship between event rainfall and runoff volume at the upper section 
of gully reaches. 
 
 
Figure 4.10 Total runoff volume at the upper and lower sections of the gully reaches, total 
volume reduction at each gully and total rainfall over the measurement period at 
the five gullies. For information of S, SCV, L, LC and LCV see Figure 4.1. 
 
y = 37.604x - 257.16





















The results show greater volume of discharge at upper section than the lower section of 
gullies, but no significant differences were found within each gully. Across lithologies, event 
volume reductions show a wide range of decrease of discharge volume, 0.4% at S to 52% 
reduction at SCV (Figure 4.11). Differences in the fall of runoff volume at lower section of 
gully reaches across lithologies were tested for their significance by using non-parametric 
Kruskal-Wallis test. The result revealed SCV significantly reduced runoff volume as compared 
to gullies without any treatment, S and L (Table 4.3). Significantly less reduction was also 
found at S when compared to LC and LCV. Gullies with similar characteristics do not have 
important variations when compared with each another. The reduction of runoff of volume is 
correlated to different rainfall characteristics such as rainfall depth and rainfall intensity. 
Figure 4.10 shows the total volume of discharge and total reduction in cubic meter and total 
rainfall during the entire measurement period at each site. During this period (n = 76 runoff 
events across reaches) the total volume of discharges reduced in all gullies was 942 m3 out of 
which 69% was at gullies under treatment with check dam and vegetation. 
 
Figure 4.11 Event runoff volume reduction in five gully reaches. For information of S, 
SCV, L, LC and LCV see Figure 4.1. 
 






























4.4.1 Runoff hydrographs for different gullies 
Adjusting the water depth sensor to fine measuring intervals (one min), provided reliable data 
particularly for short duration flows that occurred in this study (about 50% of runoff events 
lasted only for less than 1 hour). Hydrographs were constructed for each runoff event which 
allowed to analyze the runoff response to different gully conditions. Hence, by analyzing the 
shape of the hydrographs one can observe the differences between runoff hydrographs (lag 
time, duration, peak and volume) at the upper and lower sections of each gully reach and 
between different gullies. No significant differences in lag time, decrease in peak flow 
discharge and runoff volume were detected between sandstone and limestone lithologies. 
4.4.2 Lag to begin runoff at lower section of gully reach 
The results of this study reveal that there is a delay in runoff initiation at the lower section of 
all gullies during every runoff event. It is not surprising to observe the delay of discharges 
between the upper and lower sections of gully reaches, as the source of runoff at the lower is 
only via the upper V-notch. The result to be analysed are the duration of delay of runoff to 
reach the lower section of the gully reaches. The longer delay at SCV (3.46 ±2.43 min) as 
compared to S (1.69 ±1.26 min) (Table 4.2) could be associated to the presence of check dams, 
sediment deposition, vegetation and low bulk density in the former gully channel (Table 4.1, 
Figure 4.12). Surface roughness, resulting from check dams and vegetation, claimed to slow 
down runoff by increasing time of concentration and infiltration (e.g. Deasy et al., 2014; 
Helming et al., 1998). It was reported that soil bulk density is positively correlated with runoff 
production (e.g. Calvo-Cases et al., 2003; Descheemaeker et al., 2006a), thus affecting runoff 
discharge and velocity positively. 
 
 
Figure 4.12 The relationship between soil bulk density and two lag times (lag to runoff 
initiation and lag to peak). 
Despite the presence of check dams and vegetation in LCV and check dams in LC the delay 
of runoff to reach lower section of the gully reaches were shorter than in the L gully which 
lacks check dams and vegetation (Table 4.2). This may be explained by the higher rainfall 
intensities in the LCV and LC that leads to rapid soil saturation and increases the velocity of 
surface runoff (Brouwer et al., 1985). When rainfall intensity is the same for gullies with and 
without check dams and vegetation in the same lithology the check dams and vegetation 
increase lag to runoff initiation at lower section of the gully reach (Figure 4.7). The negative 
correlation between rainfall intensity and lag time (Figure 4.13) indicates that the smaller the 
intensity the longer the lag time of runoff to reach the lower gully sections. Besides rainfall 
intensity, smaller bed material bulk density (Table 4.1and Figure 4.12) (Li et al., 2009) and 
dry conditions of the clay soil (Bouma and Dekker, 1978; Römkens and Prasad, 2006) in L 
may be hold responsible for the longer delay of runoff by increasing initial infiltration rate. 
Moreover, the delay of runoff to reach the lower section of gully reaches can be related to the 
depth of runoff at upper section of the reaches (Figure 4.14). The depth of runoff at the upper 
section of gully reaches depends on runoff contributing catchment characteristics (area, land 
use, SWC etc) as well as the amount of rainfall in the catchment. 
y = -9.6103x + 17.283
R² = 0.90
n = 5





























Figure 4.13 Lag time to runoff initiation vs intensity of rainfall in gullies at sandstone 
lithology without (S) and with check dams and vegetation cover (SCV). 
4.4.3 Lag time to peak runoff at lower section 
In the gully with check dams and vegetation cover in the sandstone lithology (SCV), runoff 
takes 2.6 times longer to peak as compared to the one without treatment (Table 4.2). This is 
related to the presence of check dams, vegetation and sediment accumulation which reduce the 
runoff speed by increasing channel bed roughness, as described by several authors (Amare et 
al., 2014; Borst and De Haas, 2006; Deasy et al., 2014; Descheemaeker et al., 2006a; Hood et 
al., 2007; Namadi et al., 2014). The short lag time to peak can be also attributed to the higher 
flow rate at the upper section of S gully reach (62 (±82) l s-1) as compared to SCV (Table 4.3). 
In limestone lithology, the longer lag times to peak were recorded in the gully without 
management intervention (Table 4.2). This can be attributed to the small rainfall depth 
(Figure 4.5, Figure 4.6 and Figure 4.10), clay texture and low bulk density of bed material at 
L (Table 4.1 and Figure 4.12) gully reach which contribute to an increase of infiltration mainly 
at the beginning of rainfall (Bouma and Dekker, 1978; Li et al., 2009; Römkens and Prasad, 
2006) thereby delaying the time to peak flow at the lower section of the gully reach. Cracking 
of soil was also noticed in the L gully reach without management interventions, which can also 
increase infiltration rate particularly at the beginning of runoff generation. In addition, the 
smaller depth of runoff at L particularly compared to LCV can be claimed for the longer lag 
time to peak at the lower section of L gully reach (Table 4.3, Figure 4.14). 
   
Figure 4.14  Relationship between discharge and lag times (lag to initiation of runoff and 
lag to peak). 
4.4.4 Lag time to end runoff at lower section 
During some rain events termination of runoff discharge was found to be faster at the lower 
section than at the upper section of gully reaches that can be explained by low rainfall intensity, 
short rainfall duration and dry soil conditions. Polyakov et al. (2014) reported that after 
installation of soil and water conservation structures, small rainfall failed to produce runoff 
that reached the watershed outlet. The authors added that check dams are more likely to reduce 
hydrologic connectivity between uplands, channel network and outlet during small runoff 
events than during large runoff events. On average, the time of interruption of runoff 
discharges was delayed at the lower section of all gully reaches which can be attributed to the 
temporary storage of water in the channel bed between the two sections. The longer flow time 
at lower sections is larger in gullies with check dam and vegetation cover (Table 4.2), probably 
enhanced by sediment built-up behind check dams and presence of vegetation. This is in 
agreement with the finding of Hood et al. (2007) that gully channel management interventions 
with check dams and vegetation increase lag to peak mainly for small and short storms duration 
and dry soil conditions. 
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4.4.5 Peak flow discharge 
In all gullies, peak flow discharges are smaller at the lower sections (Table 4.3). This is due to 
runoff loss as infiltration between the inlet and outlet of the gully reaches. The reduction is 
larger in gullies with check dams and vegetation (8% - 17%) than in gullies without any 
treatment (5% - 6%) (Table 4.3). The larger reduction in gullies with check dams and 
vegetation can be attributed to the sediments deposited behind the check dams and to the 
presence of vegetation in the channel that reduce runoff velocity and increase infiltration. 
Earlier studies have also documented the decreasing response of peak flow discharge to check 
dams and vegetation (Hood et al., 2007; Huang and Zhang, 2004; Namadi et al., 2014; Potter, 
1991). 
4.4.6 Runoff volume 
The reason for the reduction of runoff volume at the lower sections (Table 4.3 and Figure 4.10) 
is explained by infiltration of runoff between the upper and lower sections. This reduction 
varies for different runoff events within each gully reach which can be explained by soil 
moisture content and rainfall intensity (Descheemaeker et al., 2006a; Molina et al., 2009). The 
amount of runoff volume at the upper catchment has a positive relationship with the reduction 
of runoff volume at lower section of gully reaches (Figure 4.15). This describes that low runoff 
depth generated from a catchment leads to lower runoff reduction as compared to larger runoff 
produced by the catchment. Comparisons of runoff volume reduction between different gully 
reaches have depicted that significant proportion of discharge volume was abstracted in the 
gullies treated with check dams and vegetation (8 -18%) (Table 4.3 & Figure 4.10). This is 
explained by the sediments trapped and vegetation growth as a result of check dam 
construction in the gullies. Several studies demonstrated the marked effects of physical and 
biological soil and water conservation on runoff volume reduction by increasing infiltration 
rates (e.g. Amare et al., 2014; Borst and De Haas, 2006; Hood et al., 2007; Huang et al., 2012; 
Huang and Zhang, 2004; Lacombe et al., 2008; Molina et al., 2009; Nyssen et al., 2010; Potter, 
1991; Taye et al., 2013b; Xu, 2005; Xu et al., 2013; Zhang et al., 2014), eventually resulting 
in the rise of groundwater levels (e.g. Alderwish, 2010; Huang et al., 2012; Parimala 
Renganayaki and Elango, 2013). The positive effects of check dams on the abstraction of 
runoff were also deduced indirectly from reclaiming of gully segments by farmers and 
increased crop yields after construction of check dams (Nyssen et al., 2010; Xiang-zhou et al., 
2004). Moreover, the effects of gully treatments on catchment water balance in Northern 
Ethiopia is noteworthy as gully density in the region is very high (on average 2.52 km km-2 ) 
(Frankl et al., 2013a) and a large fraction of these have been treated by SWC measures. Hence, 
the result of this study indicates that implementation of check dams in gullies will have a 
considerable effect on catchment hydrology by increasing infiltration which then improves 
groundwater recharge and base flows. 
 
Figure 4.15 Relationship between runoff volume at upper section of gully reaches and 
runoff reduction at lower section.  
4.5 Conclusions 
In North Ethiopia, the implementation of check dams in gullies over the last three decades has 
contributed to environmental amelioration. Besides soil loss reduction and favouring 
vegetation growth, check dams also influence hydrological properties in gullies and at 
watershed scale. The present study has confirmed the hydrological effects of check dams after 
analyzing lag times, peak flow reduction and volume reduction of runoff along gully reaches. 
Given different natural variability in gully reaches, variations in different discharge 
parameters were found within and among gully reaches with and without management 
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interventions in two dominant lithologies (sandstone and limestone). In sandstone lithology, 
gully treatment with check dam and vegetation increase lag times (lag to initiation, lag to peak 
and lag to end of runoff) as compared to untreated gully (S), which demonstrates the significant 
effects of check dams and the consequent sediment deposition and vegetation growth. But in 
limestone lithology lag time to runoff initiation and to peak were larger in untreated gully (L) 
than in treated gullies (LC and LSC) which can be attributed to  different rainfall intensity and 
soil physical properties. . This indicates that lag times are not only affected by management 
interventions but also by soil physical properties of the channel bed and rainfall intensity. 
Hence, it is difficult to draw general conclusion on the effect of gully treatment on runoff lag 
times at the lower sections of gully reaches in limestone areas. 
Check dams, sediment deposition in the channel and vegetation growth are responsible for 
the significant variations in the peak flow reduction between gully sections with and without 
intervention. Generally, this reduction is larger in treated gullies (8% - 17%) than in gullies 
without treatment (5% - 6%). An increase of channel bed roughness resulting from gully 
treatment reduces peak flow discharge at lower sections of gully reaches by reducing runoff 
velocity and increasing infiltration. 
Whether gullies are treated or not, runoff volume decreases at lower sections of gullies if 
side runoff is diverted. Installing check dams increases the magnitude of runoff volume 
reduction. In the present study, runoff volumes were significantly reduced in gullies with check 
dams and vegetation (8% – 18%) as compared to the untreated gullies (4% – 6%) within and 
across lithologies. We conclude that gully management with check dams and the subsequent 
sediment build up and vegetation growth results in a significant reduction of runoff in gullies 
by increasing infiltration. This eventually may leads to recharge of groundwater and improves 
base flows to streams and reservoirs during the dry season. While our study have demonstrated 
important effects of check dams on runoff characteristics in gully reaches, uncertainty should 
be also expected due to some uncontrolled limitations during the experiment. For example, it 
was not easy to find gully reaches with and without conservation but similar in other 
characteristics (size, slope, lithology, contributing area, etc.). It is expensive and technically 
not feasible to replicate the experimental sites in different conditions. Hence, in future studies 
we suggest comparison of the same gully reach before and after intervention as this could help 
to control the limitations of comparing the hydrology of different gully reaches with and 
without intervention. However, this approach may not help to report the effects of stabilized 
gullies (filled with sediment and vegetation growth) in short time (2-3 years) unless the study 
is carried out over long time period which can help to compare the effects of check dams of 
different age Hence, further investigation is very important to verify the effects of check dam 
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 5 From runoff contributor to runoff absorber: 
spate irrigation on exclosures   
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Exclosures have been widely implemented in north Ethiopia in the last few 
decades for rehabilitation of degraded areas. Despite many years of establishment, 
the effectiveness of exclosures is constrained by lack of adequate management 
such as supplementing additional water to the short and erratic rain. There is no 
knowledge on the response of vegetation to such additional water application. 
This study is aimed to evaluate the effects of such spate irrigation on species 
diversity, stocking and ring width growth of trees in exclosures. Two exclosures 
(May Ba’ati and Adi Kolakol), Dogu’a Temben district were used for this study. 
Each exclosure was divided in two blocks (irrigated and control) to allow 
comparison of vegetation growth. May Ba’ati was irrigated in 2005 while Adi 
Kolakol was irrigated from 2012 to 2016 but monitored by the researchers from 
2014 to 2016. The amount of irrigation water applied is in the same order of 
magnitude as the direct rainfall on the site. Several species diversity indices and 
mean tree ring width growth were used to compare the irrigated and non-irrigated 
areas. The results show that trees in the irrigated exclosure have larger species 
richness, Shannon Weaver diversity index, tree density, abundance, evenness and 
basal area than in the control area. In years with a short rainy season, the changes 
of these indices were negative in the control area, whereas most indices remained 
positive in the irrigated area. Moreover, tree ring width growth analysis exhibits 
the role of additional water to vegetation growth. The findings indicate tha 
diverting runoff to exclosures results in 15% to 22% increase in ring width as 
compared to non-irrigated trees. In addition, there is strong abstraction of storm 
runoff in gullies. 
Keywords: tree ring, plant density, growth indices, gully 
5.1 Introduction 
Exclosures, or areas set aside from human and livestock interference to restore natural 
resources and ecological restoration, have been widely implemented in north Ethiopia which 
has brought important environmental as well as socio-economic improvements (Mitiku and 
Kindeya, 2001; Aerts et al., 2002; Descheemaeker et al., 2006; Mekuria and Aynekulu, 2011). 
Several studies have evaluated that the implementation of exclosures in the degraded areas has 
resulted in the increase of biodiversity and biomass as compared to adjacent open areas mainly 
degraded communal lands (Mekuria and Yami, 2013; Emiru et al., 2007, Mengistu et al., 
2005). Despite the large scale deforestation of native forest in Northern Ethiopia, that markedly 
challenges natural regeneration of native tree species, exclosures are a dependable option for 
restoration of woody vegetation including major native tree species e.g. Olea europea 
(Aynekulu et al., 2009, Emiru et al., 2007, Mengistu et al., 2005). Continuous plant 
community, higher tree abundance, density and basal area have been recorded in exclosures 
following favorable conditions created for succession of plants.  
The age of exclosures in Northern Ethiopia varies from a few years to circa three decades 
(Descheemaeker et al., 2006), now four decades. Despite the long time of their establishment, 
the effectiveness of exclosures is constrained by lack of adequate management activities (Aerts 
et al., 2002). Enrichment planting and construction of terraces in such exclosures are the 
common management activities practiced (Aerts et al., 2002). Shortage of rainfall (Nyssen et 
al., 2005) and occurrence of recurrent drought that characterize dryland regions (Beltrando and 
Camberlin, 1993) can be also another prominent factor to hamper the growth of forest. Despite 
this fact, management activities with respect to supplementing rainfall through watering or 
irrigating exclosures is not practiced in the study area, except under very specific conditions 
(e.g. watering of seedlings during enrichment planting). Experiment on the effect of irrigation 
on the physiological changes of trees (e.g. radial growth or ring growth) and survival show a 
sustained increase in growth illustrating the importance of water as limiting factor of growth 
(Aerts et al., 2002; Timofeeva et al., 2017). 
In areas with high climate variability and severe environmental degradation (e.g. loss of 
soil), irrigation is an important alternative to increase seedling regeneration, survival and 
growth (Messina and Duncan, 1993). Aerts et al. (2006) also show that enrichment planting 
and natural regeneration in years with sufficient rainfall resulted in enhanced survival of 





So far, the effect of exclosures on vegetation growth has been evaluated by comparing with 
the adjacent open communal land. However, the evaluation of performance of exclosures 
under different management practices is lacking. For instance, taking inspiration from spate 
irrigation that is traditionally practiced on croplands with water originating from the Rift 
Valley escarpment in Ethiopia and nearby Eritrea (Mehari et al., 2008, 2011; Gebrehiwot et 
al., 2015; Zegeye et al., 2014; Hailemariam et al., 2017), or on forests in outflow plains in 
countries like Iran (Kowsar et al., 2008), we conceived experiments of diverting stormwater 
runoff from gullies to exclosures, high up in the catchments. This management technique, 
hereafter “spate irrigation”, aims to supplement the rain directly falling on the exclosure. The 
objectives of this study are 1) to evaluate the effect of spate irrigation on species diversity and 
stocking in irrigated exclosures; 2) to measure the response of tree rings of dominant tree 
species to spate irrigation in the exclosure; 3) to verify whether exclosures could be used not 
only to stop producing uncontrolled runoff, but also to absorb additional runoff generated on 
upslope areas. 
5.2 Materials and methods  
5.2.1 Study site 
The study area (Figure 5.1) is located in the Dogu’a Tembien district, Tigray region, north 
Ethiopian highlands, ca. 45 km west of Mekelle, capital of the region, specifically in the Geba 
catchment. Geographically it is located at 13°40' N, 39°14' E at elevations around 2400 m a.s.l. 
Two exclosures (May Ba’ati and Adi Kolakol) were intentionally selected based on presence 
of storm water runoff diversion practices to the exclosures (Figure 5.1). Co-author K. 
Descheemaeker has irrigated the May Ba’ati exclosure in 2005 during the rainy season (July 
to September). Soil and Water Conservation measures (e.g. trench construction) were also 
implemented in the exclosures. 
 
 
Figure 5.1 Location map with the study sites and surrounding exclosures as well as gullies 
and ephemeral rivers  
 
The study area is characterized by a short but intense rainy season restricted to mid-July to 
early September (Nyssen et al., 2005). Annual average precipitation ranges from 550 to 900 
mm (Gebresamuel et al., 2010b; Nyssen et al., 2005; Taye et al., 2013b). The precipitation is 
also characterized by intense showering (Virgo and Munro, 1978) and large drop sizes (Nyssen 
et al., 2005). Considerable interannual variability of rainfall and severe soil moisture deficit 
characterize the region. The average monthly air temperature varies between 12 and 19 °C. 
The soils of the study area are young due to active erosion and deposition process (HTS, 
1976a; Nyssen et al., 2008c; Van de Wauw et al., 2008). Antalo limestone is the dominant 
lithology in the exclosures (Descheemaeker et al., 2006). The soils are very shallow. 
Vegetation, particularly shrubland was existing at such sites some 80 years ago (Etefa et al., 
2017). It became degraded through time, partly converted into cropland but was exclosed from 
humans and animals 15 – 30 years ago; forest re-appeared following the last three decades 
extensive land management activities (Descheemaeker et al., 2006a; Munro et al., 2008a; 
Nyssen et al., 2004b; Taye et al., 2013b). The dominant species in such areas include Acacia 
etbaica, Euclea schimperi, Dodonaea angustifolia, and Maytenus arbutifolia. Cropland cover 
is the dominant land use followed by shrubland in the surrounding area (chapter 2). Native 
forests are restricted to less accessible areas and around churches (Gebru et al., 2009; HTS, 






Figure 5.2 Schematic concept of the gully diversion experiment and view of the 
experimental site with arrows indicating the canals: a) May Ba’ati 
(Descheemaeker et al., 2009), b) Adi Kolakol, c) Excess runoff collection pit for 
ground water recharge at Adi Kolakol 
5.2.2 Experimental setup 
Each of the two exclosures (Adi Kolakol and May Ba’ati) was divided into two blocks; one 
irrigated by runoff and the other non-irrigated. The source of irrigation water was from 
stormwater runoff diverted from an adjacent gully into the exclosures (Figure 5.2) to irrigate 
the exclosures when stormwater runoff occurred. For the Adi Kolakol exclosure, diversion was 
started in 2012, but monitoring was done from 2014 to 2016 and in May Ba’ati the exclosure 
was irrigated in 2005. The diversion from the gully to the regenerating forest was done at 
different locations to enhance even water distribution over the exclosures. Stone bunds 
constructed in the exclosures for the purpose of soil and water conservation were used as 
diversion canals, and sometimes reshaped to better allow the flow. The exclosure which was 
used as control was not supplemented by any runoff other than the direct rainfall. Except for 
the spate irrigation management all other management activities (e.g. soil and water 
conservation, enrichment planting, guarding) were the same for both the irrigated and non-
irrigated exclosures. Both exclosures are also characterized by the same lithology, and very 
similar physical and chemical properties of soil, slope gradient and original vegetation type 
(Table 5.1). 
 
Table 5.1 Biophysical characteristic of the experimental sites 
 
Variables 
Adi Kolakol May Ba’ati 
 Irrigated Control Irrigated Control 
Slope gradient 
(%) 
9 11 18 23 
Soil type Regosols regosols  Calcisol  Calcisol  
Soil texture  Sandy loam Sandy loam Sandy  Sandy  
SOM (%) NA NA 4.6 4.6 




20 20 25  25 
 
At May Ba’ati, the gully water was diverted into pair of the exclosure by three diversion 
structures (Figure 5.2 and 5.3). Canals led the water about 50 to 100 m into the area and stone 
walls allowed the water to seep through gradually and spread out over the exclosure (Figure 
5.2). At the bottom of the exclosure, a cut-off drain served to evacuate the excess water back 
into the gully (Figure 5.2). The irrigated experimental site is defined as the area comprised 






Figure 5.3 Location of May Ba’ati site (Descheemaeker et al., 2009) 
5.2.3 Data collection  
Monitoring of woody species diversity, density and basal area was done along parallel transect 
lines for three years (2014 to 2016) in the Adi Kolakol exclosure. The distance between 
consecutive transect lines was 20 m. Woody species encompasses tree, shrub and liana plant 
forms. Along these transects, we established permanent quadrats of 5 m x 5 m for monitoring 
mature trees or shrubs and saplings. Accordingly, 18 plots were established in the 8 ha of 
irrigated and 13 in the 5 ha of unirrigated exclosure. Within these quadrats data on type of 
woody plant species, height, diameter at 0.5 m height for mature trees (basal diameter) and 
diameter at ground surface (collar diameter) for saplings were measured during the monitoring 
period. Height and diameter were measured using graduated stick and diameter tape. In the 
centre of each 25 m2 a quadrat of 3 m x 3 m was established to monitor seedling regeneration. 
Individual plants were categorized to different stages (mature, sapling and seedling) based on 
their height and diameter size. Plants whose height is greater than 1.5 m and diameter above 2 
cm were categorized as mature, with height from 0.5 to 1.5 m and 0.5 – 2 cm as sapling, 
otherwise as seedling. Ground cover (grasses) and herbs were not included in this study. 
Nomenclature was done based on Flora of Ethiopia and Eritrea (Edwards et al., 2000). 
To evaluate the response of tree ring increment to spate irrigation, Acacia etbaica ring width 
growth was analyzed as it is the dominant tree species in the exclosures. Stem disc samples 
from 26 mature trees (diameter > 5 cm), at least one tree from each transect were randomly 
selected from the two sites (Adi Kolakol and May Ba’ati).  The discs were oven dried and 
transverse sections were sanded using sand paper with grit size ranging from 90 to 400. To 
improve visibility of the rings, fine wood dusts were removed using compressed air.  
Tree ring width was measured in Wood Science laboratory of Wondo Genet College of 
Forestry using LINTABTM 5 device that comprises of Leica stereomicroscope and a table 
connected to a distance-measuring device and a personal computer. Before measuring the ring 
width, marking of ring growth boundary for all discs was done along three radii using this 
microscope. 
5.3 Data analysis  
The different vegetation growth parameters of the Adi Kolakol exclosure were analysed over 
a three years (2014 – 2016) period. Woody species composition, abundance, relative 
abundance, frequency and relative frequency in both irrigated and non-irrigated exclosure were 
derived from the total number of species and individuals encountered in 18 plots in irrigated 
and in 13 plots in non-irrigated exclosures. Density of woody plants per ha was determined 
based on the abundance of species observed in the quadrats. The regeneration status and 
survival of seedlings under different management over the monitoring period were compared 
by constructing histograms of diameter class distributions. The woody species diversity in both 
irrigated and control exclosures was estimated using conventional diversity indices: Shannon- 
Weaver diversity index, Shannon evenness and species richness (Shannon and Weaver, 1962; 
Kent and Coker, 1992). The similarity between the irrigated and non-irrigated exclosures was 
analysed using Sørenson’s Similarity Coefficient (SSC) (Kent and Coker, 1992). 
Shannon Weaver formula (H) = − ∑ (𝑃𝑖)(𝑙𝑛𝑃𝑖)𝑠𝑖=1   (1) 





Evenness or equitability of species was calculated as the ratio of observed species diversity 
to the maximum possible number of species in the exclosure (Pielou, 1966). Equitability 
assumes a value between 0 and 1 with 1 being complete evenness. It is calculated as: 
 
Evenness (J) = H/ Hmax = H/ln S.                                                                      (2) 
Where H is Shannon diversity, S is the number of species in the exclosure 
 
Similarity indices measure the degree to which the species composition of different systems 
is alike. The Sørensen similarity coefficient is applied to qualitative data and is widely used 
because it gives more weight to the species that are common to the samples rather than to those 
occur only in either sample. The Sørensen coefficient of similarity (Ss) is given by the formula: 
 
Ss =      2a/(2a+b+c)                                                                                                  (3) 
 
Where Ss = Sørensen similarity coefficient, a = number of species common to both samples, 
b = number of species in block 1 only, c = number of species in block 2 only. The coefficient 
is multiplied by 100 to give a percentage. 
 
The cross-sectional area of all trees whose diameter was measured and total basal area of 
trees in each exclosure were computed and compared between irrigated and non-irrigated and 
between different years of the monitoring period.  
Cross-dating of tree rings was done until the start of irrigation (i.e. until 2004 for May Ba’ati 
and until 2012 for Adi Kolakol exclosure) to remove non-climatic variance of tree ring width 
series.  Mean tree ring width curve per sample was produced after pairwise cross-dating of 
ring width series of multiple radii of the individuals. Extreme wide and narrow rings were used 
to visually cross-date rings, which helps to correct missing or false ring and provide maximum 
resemblance between the curves (Gebrekirstos et al., 2008). Mean tree ring width (2005 for 
May Ba’ati and 2012-16 for Adi Kolakol) was used to compare the effect of irrigation on 
annual tree ring growth. 
 
5.4 Results  
5.4.1 Woody species composition 
When entering the exclosures, an overall larger tree stand appeared in May Ba’ati (Figure 
5.4a), one year after the irrigation took place. At Adi Kolakol, vegetation is more lush in the 
irrigated area particularly at beginning and end of the rainy season (Figure 5.4b) and even 
during the short rains in the spring (Figure 5.5) while vegetation is relatively sparse in the non-
irrigated exclosure at Adi Kolakol site (Figure 5.4 d). Even after one decade of the experiment 
in May Ba’ati, a much lower vegetation cover was observed in the unirrigated exclosure in 
2016 (Figure 5.4 c). This overall ‘feeling’ of positive impact of runoff diversion on vegetation 
growth has been quantified. 
 
   
Figure 5.4 The studied exclosures: a) lush vegetation at May Ba’ati in 2006, one year after 





exclosure), its monitoring on September 26, 2014, and control exclosures at: c) 















Figure 5.5 Visual evidence of benefits of 
spate irrigation on woody vegetation 
growth in the Adi Kalkwal upland 
catchment during the short spring rains (16 
April 2016): at left in the non-irrigated area 
and at right in the irrigated area, a few 
hundred metres apart, from top to bottom: 
Becium grandiflorum, Dodonaea 
angustifolia, Aloe sp., Acacia etbaica. 
  
In the irrigated exclosure, 19 to 20 woody species representing 15 families were identified 
while in the controlled area 16 – 18 species and also representing 15 families were recorded 
during the study period (Table 5.2). Among these woody species only two species (Eucalyptus 
camaldulensis and Acacia saligna) were exotic while all the others were indigenous plants. In 
2014, among the encountered species, 97% were found in both irrigated and non-irrigated and 
one species, Acacia abyssinica, was recorded in irrigated area. In 2015 and 2016 the similarity 
between two exclosures decreased to 91% and 92% respectively while Acacia abyssinica, 
Eucalyptus camaldulensis, Otostegia fruticosa and Psiadia punctulata were recorded only in 
the irrigated area. Most families comprised only one species except Fabaceae, Celestraceae 
and Laminaceae which contained 2 – 3 species. In total, these families constituted 33% – 36% 
and 43% – 45% of the total species at the irrigated and non-irrigated sites, respectively. 
Fabaceae is the dominant family followed by Celestraceae and Laminaceae in both areas. More 
than 90% of the plants recorded are shrubs or shrub/tree life form and one species was climber 
(Table 5.3). The Shannon-Weaver diversity index and equitability or evenness index results 
also show variation of species diversity over time and between irrigated and non-irrigated 
exclosures (Table 5.2). 
 
Table 5.2 Species diversity indices in Adi Kolakol exclosure 
 2014 2015 2016 
Irrigate
d 
Control  Irrigated Control  Irrigated Control  
Species richness 19 18 19 16 20 17 
Density/ha 3022 2933 3200 2711 3756 2889 
Shannon-Weaver 
diversity index (H') 
2.4 2.31 2.38 1.94 2.53 2.09 
Evenness 0.82 1.84 0.81 1.61 0.84 1.70 
Basal area 1.61 1.17 1.93 1.35 2.44 1.56 
Sørensen similarity 
coefficient 
97% 91% 92% 
In terms of species abundance, Acacia etbaica was the dominant species during the 





33% at non-irrigated area followed by Euclea schimperi and Dodonaea angustifolia. The 
relative abundance of Acacia etbaica, E. schimperi and D. angustifolia has increased while 
other species particularly Acacia saligna and Vernonia bipontini was decreased in the non-
irrigated area in 2015 when rainfall was less (Table 5.3). Two species namely (E. 
camaldulensis and O. fruticosa observed in 2014 were not encountered in 2015. In the irrigated 
area, the abundance of most species remained unchanged except for exotic species (E. 
camaldulensis and A. saligna) which decreased in the dry year. The relative abundance of some 
species such as D. angustifolia, L. abyssinica and P. punctulata has increased during the 
drought year. In the subsequent year 2016, when there was normal rainfall, the abundance of 
all species including those decreased or missed in the previous year increased again in both 
the irrigated and non-irrigated areas (Table 5.3). The result also showed a decline in the density 
of woody species per ha in 2015 as compared to 2014 in non-irrigated area but an increase in 
the irrigated exclosure (Figure 5.6 ). In the subsequent high rainfall year, the density has 
increased both in the area supplemented by runoff and in the non-irrigated area, but the increase 
in the irrigated area was about three times that of the non-irrigated area, particularly in the 
density of plants with diameter class less than 0.5 cm (i.e. seedlings) (Figure 5.6 b). However, 
the density of plants with diameter class 0.5 to 2 cm was decreased in the irrigated block while 
it was increased in the non-irrigated exclosure as compared to 2015 (Figure 5.6 b). 
 
  
Figure 5.6   Further detail on density of woody species, a) overall density and interannual 
rainfall variability and b) per diameter class in irrigated (Irr) and non irrigated 
(Nirr) exclosures at Adi Kolakol. Four diameter classes: >5 cm, 2-5 cm, 0.5-2 
cm and < 0.5 cm 
 
Table 5.3 Abundance and density of recorded species in irrigated and non-irrigated areas at Adi Kolakol 
 
Non irrigated exclosure 
Family Life form 2014  2015  2016  
  Abundanc








/0.045 ha   
Densit
y/ha 
Acacia etbaica Mimosaceae  Tree  38 844 40 889 43 956 
Euclea schimperi Ebenaceae  Shrub  23 511 26 578 22 489 
Dodonaea angustifolia Sapindaceae Shrub  20 444 22 489 22 489 
Maytenus arbutifolia Celastraceae  Shrub  7 156 5 111 5 89 
Becium grandiflorum Lamiaceae Shrub  6 133 5 111 4 111 
Clerodendrum myricoides Verbenaceae Shrub  5 111 4 89 5 133 
Hibiscus micranthus  Malvaceae Shrub  5 111 4 89 6 111 
Jasminum abyssinicum Oleaceae  Climber   5 111 5 111 5 111 
Acacia saligna Fabaceae Shrub/tree 4 89 1 22 5 67 
Vernonia bipontini Vatke Asteraceae Shrub  4 89 1 44 3 111 
Leucas abyssinica Lamiaceae Shrub  3 67 1 44 1 44 
Carissa edulis Apocynaceae  Shrub  2 44 2 44 2 44 
Eucalyptus camaldulensis Myrtaceae Tree  2 44 -  22 1 44 
Maytenus senegalensis Celastraceae  Shrub/tree  2 44 2 22 2 22 





2 44 1 22 1 22 
Asparagus racemosus Asparagaceae  Shrub 1 22 1  1 22 
Otostegia fruticosa  Lamiaceae Shrub  1 22 -   - 0 
Number of species    18  16  17  






















Acacia etbaica Mimosaceae  36 800 37 822 39 867 
Euclea schimperi Ebenaceae  25 556 26 578 30 667 
Dodonaea angustifolia Sapindaceae 17 378 21 467 23 511 
Maytenus arbutifolia Celastraceae  12 267 13 289 15 333 
Leucas abyssinica Lamiaceae 3 67 5 111 7 156 
Becium grandiflorum Lamiaceae 3 67 3 67 4 89 
Jasminum abyssinicum Oleaceae 4 89 4 89 6 133 
Eucalyptus camaldulensis Myrtaceae 4 89 3 67 4 89 
Rhus natalensis Anacardiaceae 5 111 5 111 5 111 
Acacia saligna Fabaceae 4 89 2 44 7 156 
Asparagus racemosus Asparagaceae 2 44 3 67 4 89 
Clerodendrum myricoides Verbenaceae 4 89 4 89 2 44 
Hibiscus micranthus  Malvaceae 3 67 3 67 4 89 
Carissa edulis Apocynaceae 3 67 3 67 4 89 
Maytenus senegalensis Celastraceae 3 67 3 67 3 67 
Vernonia bipontini  Asteraceae 2 44 2 44 3 67 
Acacia abyssinica Fabaceae 2 44 2 44 3 67 
Osyris quadripartita Santalaceae 1 22 1 22 2 44 
Otostegia fruticosa  Lamiaceae 3 67 4 89 3 67 
Psiadia punctulata Asteraceae  - - - - 1 22 
Number of species    19  19  20 
Total  136 3022 144 3200 169 3756 
5.4.2 Effect of spate irrigation on tree ring growth  
We compared ring width growth of trees grown under the normal condition (control) and 
application of spate irrigation to supplement direct rainfall in the exclosures. The history of 
annual ring widths of sample trees before the intervention (irrigation) was analyzed for each 
exclosure at two sites.  
 
 
Figure 5.7 a) Example of sample disc cross-section of Acacia etbaica tree, and b) its ring 
width variability in different years. The sample belongs to the May Ba’ati site. 
The result shows that all sampled A. etbaica trees form distinct tree ring boundaries (Figure 
5.7) although variability in mean ring width in each exclosures and sites were measured. The 
variability in annual mean ring width of sample trees per exclosure indicates that there was no 
exclosure in which trees were always growing better than trees in the other exclosure until the 
time of intervention (i.e. 2004 in May Ba’ati and 2013 in Adi Kolakol sites) (Figure 5.8). But 
as of the irrigation year the overall ring width growth of trees in the irrigated area was enhanced 
as compared to the non-irrigated area both in the May Ba’ati and Adi Kolakol sites. The 
relationship between tree ring width growth and direct rainfall is illustrated in which strong 
correlations were observed between ring width and rainfall in both Adi Kolako and May Ba’ati 
site (Figure 5.9). During the intervention period (2012-2016) in Adi Kolakol, ring width of 
individual trees with means of 1.58 (±0.60) mm in the irrigated and 1.38 (±0.61) mm in the 
control exclosure (Table 5.4). Likewise, in May Ba’ati variable ring width growth was 
measured between individual trees after irrigation. with means of 1.82 (±0.84) mm in the 





irrigation, tree rings are wider in the irrigated exclosure, an effect that lasts for about 6 years 
after applying irrigation at May Ba’ati site. Noteworthy, comparisons of the average ring width 
in the control exclosures before and after intervention show larger ring width before 
intervention in both sites: Adi Kolakul site: 1.67 (±0.26) mm (before) and 1.50 (±0.64) mm 
(after); May Ba’ti site: 1.41 (±0.20) mm (before) and 1.40 (±0.43) mm (after).  
  
Table 5.4 Summary of ring width growth (mm) of Acacia etbaica in Adi Kolakol (2012 -2016) 

























Figure 5.8 Ring width growth of A. etbaica at May Ba’ati and Adi Kolakol sites. Each line 
represents the average of 6-8 stem disks. Period of irrigation is indicated with a 
thick bar on the horizontal axis. 
 
      
Figure 5.9 Relationship between average tree ring width growth of both irrigated and 
control exclosures and rainfall in Adi Kolakol (2000-2016) and May Ba’ati 
(1998-2016) sites. Rw = ring width, P = rainfall 
5.4.3 Impacts on the water balance 
In May Ba’ati, assuming that a runoff coefficient of 45 % for the gully catchment is applicable 
throughout the year, it was calculated (Descheemaeker et al., 2009) that 79 103 m3 water was 
exported through the gully in 2005. The volume runoff diverted in to the exclosure at the inlet 
canals and of the outflow of excess runoff in the cut-off drain were measured using v-notches 
in the canals. The gully diversion tapped some of the gully runoff, which resulted in 1117 mm 
or 4.7 103 m3 additional infiltration in the exclosure. The gully diversion was thus responsible 
for the alternative allocation of 6% of the total water yield of the upper catchment. The 
additional infiltration resulted in 262 mm or 1.1 103 m3 additional evapotranspiration and 851 
mm or 3.6 103 m3 additional deep percolation (Descheemaeker et al., 2009). 
In Adi Kolakol, the exclosure is located closer to the main water divide, hence the adjacent 
gully drains a smaller discharge from 21 ha of drainage area  and about half of the runoff water 
could be allocated to the spate irrigated exclosure (8 ha). During the experimental period, the 
annual rainfall that the exclosure has received ranged from 353 to 834 mm or 2824 to 6672 m3 
per year. By assuming 45% runoff coefficient, a total annual runoff volume of 3707 to 8757 
m3 year-1 drained from the contributing area has supplemented the irrigated exclosure, resulting 
in 463-1094 mm yr-1 additional water application.  
Rw = 0.0316 + 0.0026P 
















Rw =  - 0.2824 + 0.0026P



















5.5 Discussion  
5.5.1 Species diversity, composition and density 
Species diversity indices show that there is variability in species diversity between irrigated 
and non-irrigated exclosures. In terms of species richness virtually equal number and type of 
species were recorded in both irrigated and control exclosures (Table 5.2). This is not 
surprising due to the fact that the management history, climate and topography are alike in 
both exclosures. There is high probability that the seeds come from the same source for both 
exclosures. It would be also very early to see the effect of irrigation on species richness after 
three years of experimentation only. The larger Shannon diversity in the irrigated area than in 
the control area is related to the increase in the abundance of individual species. Gully water 
diverted in to the exclosure could has likely contributed to the survival of seedlings which 
increased abundance. The magnitude of increase or decrease of species diversity is variable 
between irrigated and non-irrigated exclosures and within exclosures in different years. In 
2015, when there was shortage of rainfall as compared to 2014, decrease in species richness, 
Shannon diversity index, equitability index and tree density was greater in the control plot 
whereas the change was negligible or there was even an increase in the intervened area. During 
this year density of trees per ha was decreased in the control area by about 7.5% from 2933 
individuals in 2014 to 2711 individuals in 2015 probably linked to high mortality of seedlings 
and even saplings because of lack of sufficient water (Table 5.2, Figure 5.6 a and b). In 
contrary, during the same year, in the spate irrigated area, tree density has increased by 5% 
from 3022 individuals to 3200 individuals. The small changes in the density of mature plants 
and remarkable change in seedling density (Figure 5.6 b) can be explained by the slow change 
in diameter classes due to slow growth of plants although many seedlings are regenerated in 
the rainy season mainly when there is high rainfall. This clearly indicates the advantage of 
spate irrigation to exclosures in supplementing direct rainwater especially in the dry season. 
The decrease of density of saplings in 2016 in the irrigated area could be due to the lack of 
new saplings when some of the old ones changed to higher diameter class (greater than 2 cm). 
The survival of plants (mainly seedlings) by gully water diversion during insufficient rain 
indicates that the technique is very useful for resilience to short rain or drought.  The effect of 
spate irrigation on vegetation in exclosures was also perceived when short rains came during 
the dry season particularly on plant phenology: plants in the area with spate irrigation were 
bearing leafs and flowers while plants in the control area were relatively dormant (Figure 5.10).  
 
Figure 5.10 Effect of short rain during dry season (16 April 2016) on phenology of plants: 
a) irrigated area, b) control or non-irrigated exclosure; 1) A. etbaica tree with 
leaf in irrigated and without leaves in non-irrigated, 2) D. angustifolia plant with 
flower in irrigated but dormant in control. The soil was wet (indicated by arrow) 
in the irrigated exclosure while it was dry in the non-irrigated after few days of 
raining in the dry season.   
5.5.2 Ring width growth  
The results of our experiments show that the application of spate irrigation to exclosures has 
brought a positive effect on ring width growth of A. etbaica tree. When compared to the years 
before intervention, the mean ring width of trees under irrigation was found to be larger by 
15% (May Ba’ati) and by 22% (Adi Kolakol) than the mean ring width in the control exclosure. 
The result also shows that in May Ba’ti the growth of ring width in the irrigated area continued 
in the subsequent years, even increased in 2006 as compared to the control area and it took 
some eight years for the rate to ring growth to stabilize at the same level as that for the non-
irrigated area. The straightforward explanation for the increment of ring width growth is the 
additional rain water input diverted from the gully. Another reason for the increased ring width 
of trees under irrigated area could be the sediments and nutrients brought by the runoff and 
deported in the exclosure. However, the comparison of growth ring within the irrigated 
exclosure, before and after spate irrigation, showed larger growth before intervention in both 
sites. This can be explained by the fact that plants grow faster during their early age as 
compared to their late age. The rainfall differences before and after irrigation (e.g. drought in 





5.5.3 Hydrological impacts 
The impact of spate irrigation on exclosures leads not only to a boost for woody biomass and 
biodiversity, but also to an important abstraction of runoff; particularly during the peak rainy 
season when there is excess water in Geba catchment, that cannot be used for crop irrigation, 
spate irrigation on woody vegetation can be an important buffer for peak discharges and if 
largely applied, it can reduce floods in the downstream areas. Our experiments show that on 
average, exclosures on slopes with gradients up to 20 % can absorb 778 mm of spate irrigation 
water depth annually, in addition to the rainfall. A rough calculation shows that if exclosures 
in 1% of the area of Geba catchment (51.42 km² out of 5142 km²) are treated with spate 
irrigation, a total volume of 39.9 106 m³ runoff water could be abstracted annually, which is 
9.88% of the average annual storm runoff volume of 403.84 106 m³ at Geba outlet (Chapter 6). 
Technically, it is also important to stress that the spate irrigation was only installed more than 
a decade after the establishment of the exclosures, and that physical runoff interception 
structures were present, so that the existing vegetation could resist well against additional 
floods onto the area.  
5.6 Conclusion  
The impact of diverting runoff on vegetation growth in exclosures has been evaluated based 
on the analysis of different vegetation growth indices. The magnitude of increase or decrease 
of species diversity is variable between irrigated and non-irrigated exclosures and within 
exclosures in different years. Different indices showed that species diversity is increased in 
irrigated areas as compared to non-irrigated areas in the Adi Kolakol site. Overall 16-18 and 
18-19 species were recorded in control and irrigated area, respectively, during the experimental 
period (2014-2016). Water diverted into the exclosure could subsidize the soil moisture what 
lead to increased survival of seedlings as compared to the control area. The survival of plants 
(mainly seedlings) by gully water diversion during years with insufficient precipitation could 
encourage the implementation of gully water diversion so that the exclosure would be more 
resilience to short rain or drought. Spate irrigation positively affects vegetation growth even 
during the occurrence of small rainfall in the dry season. Plant phenology variation between 
trees in control and irrigated area can be also an excellent indicator of the effect of extra water 
on vegetation growth in exclosures. Furthermore, tree ring width growth analysis exhibits the 
role of additional water to vegetation growth: diverting runoff into exclosures results in 15% 
to 22% increase in ring width as compared to non-irrigated trees. Besides increased biomass 
and biodiversity, the spate irrigation leads also to strong abstraction of runoff that protects 
downstream areas from flooding, and gullies from expanding. In contrast to farm crops, spate 
irrigation on woody vegetation is less demanding in terms of regularity and volumes of 
available storm runoff. In addition to the promotion of forestry in washout areas of existing 
spate irrigation systems (Van Steenbergen et al., 2011), we suggest to apply spate irrigation on 
exclosures in the uppermost parts of the catchments, wherever the topography allows diverting 
runoff from gullies into exclosures. 
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Understanding large scale spatio-temporal effects of land use/cover (LUC) and 
soil and water conservation (SWC) on hydrology is useful for the strategic 
catchment management. The objectives of this study are: 1) to analyse the effect 
of different LUC types and SWC structures on runoff coefficient under actual 
condition in 2004-07 in ten subcathcments of the basin, and 2) to develop a 
prediction model under a scenario of “business as usual” (no SWC) and under 
actual condition in 1935-36 in a semi-arid region through a spatially explicit 
analysis. A rainfall-runoff prediction model was developed at pixel scale (1.5 km 
x 1.5 km) based on existing plot scale runoff coefficients, LUC proportions and 
SWC. The pixel scale runoff depths from different LUC and SWC eventually 
provided catchment runoff discharges through additive approach and the results 
were compared with the measured river discharges at river outlets. The results 
show that different magnitude of runoff was generated per catchment under 
different conditions. Grazing land, bare and built-up areas have contributed larger 
runoff (57%) although its aerial cover is only about 24%. The higher runoff was 
predicted in Lower Tankwa catchment (RC = 25.56%) and Upper Tankwa (RC = 
23.17%) while May Gabat (RC = 11.27%) produced lower runoff. The stronger 
agreement (R2 = 0.86, P < 0.001) between predicted vs observed regression 
denotes the validity of the conceptual model for prediction of rainfall-runoff in 
semi-arid mountainous environment. The prediction of scenario under “business 
as usual” resulted in larger runoff coefficient (RC = 21.18%) as compared to the 
condition with SWC (RC = 16.86%), which is about 25% increase at overall 
catchment. Moreover, prediction under actual condition in 1935-36 showed 
significantly lower runoff (RC = 9.77%) as compared to runoff in 2004-07. The 
findings of this study confirmed that rainfall-runoff partitioning of a catchment is 
dependent on the type of LUC class and runoff controlling measures implemented 
in the catchment. Noteworthy, the prediction of runoff was overestimated as 
compared to the observed runoff at the outlet of rivers which can be other 
environmental and socio-economic factors that have not taken into account, errors 
transferred from interpolation of runoff coefficient and prediction without routing 
of runoff. Hence, in addition to the current SWC intervention in the study area, 
further intervention is very important to control runoff particularly in bare and 
built-up areas. 
Keywords: rainfall-runoff, conceptual model, Northern Ethiopia, semi-arid 
6.1 Introduction 
River discharges in the study area largely depend on Hortonian flows, infiltration excess 
runoff, which is very common in semi-arid areas such as northern Ethiopia (Descheemaeker 
et al., 2006, Kang et al., 2001; Martı´nez-Mena et al., 1998). The fraction of rainfall changed 
to runoff and that reaches river outlets is highly variable in space and time. In dryland regions 
where scarcity of water is prevalent (rainfall is less than evapotranspiration) for all or part of 
the year (Kassas, 1995; Mortimore et al., 2009), understanding the water balance of a 
catchment is very important for catchment management. 
The hydrological behaviour, occurrence and intensity of runoff, of semi-arid mountainous 
catchments is affected by a number of factors such as topography, soils, vegetation, land use, 
river morphology, structural geology and the spatio-temporal variation of climate (Güntner 
and Bronstert, 2004).  The response of hydrological processes to different land use, cover and 
management (Eshleman, 2004) was assessed by several studies at different scales that have 
shown significant alteration of hydrological processes (Table 6.1). The increase of agricultural 
land at the expense of forest, savannah and natural grass lands has occurred all over the world 
over longer a period of time (Goldewijk, 2001), which has disrupted the hydrological cycle of 
drainage basins by changing the water yield of the area. Higher plant biomass such as forests 
have much higher rates of runoff abstraction than agricultural land leaving less water available 
for overland flows to streams (Bosch and Hewlett 1982). Increased mean annual discharge of 
rivers over long time series have been observed due to deforestation although precipitation was 
not statistically different during the period (Costa et al., 2003; Nugroho et al., 2013). The 
conversion of rangeland to agricultural land in the dryland ecosystem of US resulted in high 
recharge of groundwater due to increased infiltration (Scanlon et al., 2005). Plot scale studies 
in northern Ethiopia also showed higher runoff on rangeland than on cropland (Taye et al., 
2013). Descheemaeker et al. (2006) reported that rehabilitation of degraded land with woody 






Table 6.1 Effects of land use/cover (LUC) and management change on water balance components. NA = not available, (-) sign 
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Costa et 
al.,2003 
India / Pune  NA 
Urban land increase from 5.1% to 10.1% and 
cropland from 9.7% to 13.5% at the expense 
of semi-natural vegetation 
20 NA -8.1 to 5.9     NA 
+0.03% 
to +7.6% 
Wagner et al., 
2013 








Irrigated cultivated land increased by 31 % 
as the expense of grassland  
34  - 27.32  Increased  Increased 
 
 
Wang et al., 




Cropland abandonment   











     
     
     
Increased  






SWC  22 -32%  NA NA -32% 
Huang and 
Zhang (2004) 
 construction of terraces and check-dams 50 NA NA NA -1.14 mm 
Zhang et al., 
2014 
 Construction of check dam NA NA Decreased  NA NA 










Afforestation of degraded land  2 
Decreas
ed 
NA NA NA 
Descheemaeker 




Construction of dry masonry stone bunds 
and check dams, the abandonment of post-


















10% decrease in rainfall  
1.50 decrease in temperature  













Legesse et al., 
2003 





Soil and water conservation (SWC) practices are also another important factor that affects 
the hydrology of a catchment by altering the major hydrological components, mainly 
infiltration. For example, a decreased annual surface runoff and stream flow was reported by 
Huang and Zhang (2004) and Zhang et al. (2014) following the implementation of SWC 
practices (terrace, pasture, check dam, afforestation) in the Loess Plateau of China. In northern 
Ethiopia, the effect of different types of soil and water conservation on runoff coefficients have 
resulted in a smaller runoff coefficients as compared to the non-conserved areas (Taye et al., 
2013). Impervious surfaces such as urban land, road and degraded land also alter hydrological 
processes and consequently the water budget of a basin. Several studies indicated that the 
increase in impervious surfaces increases storm runoff by reducing infiltration (e.g. Eshleman, 
2004; Peters and Rose, 2001; Wijesekara et al., 2012). 
Several studies indicate the occurrence of significant changes in LUC in northern Ethiopia 
at least for the last half century that vegetation declined while degraded land, cropland and 
built-up areas increased until large scale SWC are implemented in the last decades of 20th 
century (e.g. Alemayehu et al., 2009; de Mueleraere et al., 2014; Teka et al., 2013; Nyssen et 
al., 2010). However, the link between  of LUC changes and the hydrologic response of large 
catchments remain unclear. Moreover, knowledge on the effect of massive SWC practices 
implemented in the region in recent times is also insufficient. The few studies available on 
runoff response to LUC changes and SWC implementation in northern Ethiopia are limited to 
plot scales (Descheemaeker et al., 2006; Taye et al., 2013) or small catchments (Nyssen et al., 
2010).   
Although knowledge on catchment hydrology is useful, the lack of long term data (e.g. river 
discharge data, meteorological data, soil, land use) is a major challenge for spatial and temporal 
modelling, model calibration and validation of catchment hydrology in developing countries 
especially in historical time (McNulty et al., 2016). Analysis of catchment hydrology with the 
help of appropriate hydrological models allows to understand the impact of LUC change and 
SWC implementation on the hydrological balance (Legesse et al., 2003; Bahremand et al., 
2006; Batelaan and De Smedt, 2007; Wang et al., 2008; Ma et al., 2009; Hosseini et al., 2012). 
However, model development and calibration to evaluate the effects of land use, cover and 
management change on the rainfall-runoff partitioning in Northern Ethiopian, particularly in 
Geba catchment, is lacking. Amanuel et al (2013) have measured river discharges of Geba 
catchment from 2004-2007 and analysed the link between discharge and different catchment 
characteristics for the monitoring period. However, this study did not address the response of 
runoff to the change of LUC and SWC over longer periods. The present study, therefore, aims: 
1) to analyse the effect of different LUC types and SWC structures on runoff coefficient in 
Geba catchment, 2) to develop a scenario of runoff response in the absence of SWC in a semi-
arid region through spatially explicit analyses.  
6.2 Materials and Methods 
6.2.1 Study area  
The study area, Geba catchment (Figure 6.1), is located in the Tigray region, North Ethiopian, 
between 13ᴼ16' to 14ᴼ15' North and 38ᴼ38' to 39ᴼ48' East. It covers an area of 5142 km2 with 
elevations ranging from about 900 m a.s.l. at southwest to 3300 m a.s.l. near Adigrat in the 
north. The Geba River is one of the major tributaries of the Tekeze River which finally joins 
the Atbara River and the Nile in Sudan (Figure 6.1). The major sub catchments of Geba basin 
include: Suluh, Agula, Genfel, Ilala, May Ambes, May Gabat, Endaselassie, Bershwa, Upper 
Tankwa, Lower Tankwa and Chamey. 
 
 
Figure 6.1 Study location showing river discharge gauging stations at the outlet of 10 
basins: Suluh (Su), Genfel (Ge), Agula (Ag), Ilala (Il), Upper Geba (UG) 
(includes Su, Ge, Ag & Ma); May Gabat (My); Endaselassie (En); Middle Geba 
(MG) (include UG, My, En, Be); Upper Tankwa (UT); Lower Tankwa (LT) 







Geba catchment has a tropical and semi-arid climate with a bi-annual rainfall distribution 
(“belg” = small rain and “kremt” = main rain season). The main rainy season, which accounts 
for ca. 80% of the annual precipitation is short, restricted to mid-July - early September, but is 
characterized by intense showers and large drop sizes (Nyssen et al., 2005)). The rainfall is 
highly variable with an annual depth between 555 mm and 1200 mm. Annual 
evapotranspiration depth of the Geba catchment exceeds precipitation depth, except during the 
rainy season, ranging from 905 mm to 2538 mm. The mean annual maximum average air 
temperature ranges from 21 to 31 ºC and the mean annual minimum air temperature ranges 
from 3 to 16 ºC whereas the monthly average varies between 12 and 19 ºC. 
6.2.2 Data sources 
In the previous chapters the different factors for runoff abstraction in the Geba catchment were 
analysed. Here, in this chapter, we use these factors in a spatially distributed additive model. 
The outcomes are contrasted with seasonal discharge in the ten sub-catchments of the Geba 
catchement reported by Amanuel et al. (2013).  Th latter have monitored runoff at the outlets 
ten sub-catchement (Figure 6.1) from 2004 to 2007 during the rainy season. These data was 
used to validate our model so that a scenario analysis were also done for the year 1935-36 and 
for a hypothetic current situation without physical SWC structures and without water 
harvesting dams. The same average seasonal rainfall depth that was recorded in the rainy 
season of 2004 to 2007 (when runoff monitoring was also done at the outlet of rivers) was used 
to analyze the effect of different LUC and SWC on catchment hydrology in 1935-36 and in 
present time. The rainfall recorded from July 12 to September 10 represents the major part of 
the summer rainy season (Amanuel et al., 2013).  Major elements for which runoff coefficients 
are available were considered for the partitioning of rainfall. These include vegetation cover 
(shrubs and forest), cropland with SWC, rangeland with SWC (particularly stone bunds), bare 
and built-up areas (chapter 2) and abstraction in gullies  (with and without check dams) (Etefa 
et al., 2017) as well as water harvested by micro-dams (Awulachew et al., 2007) (Table 6.3). 
Hence, existing runoff coefficients for different LUC and SWC (Table 6.2), which were 
obtained through the experimental research conducted in the study area at plot and gully reach 
scales were used for partitioning of rainfall at pixel scale. 
Table 6.2 Runoff coefficients of different LUC and SWC structures in the study area 
(average of measured values). VETtot,w = weighted total vegetation, GC = gully with 
conservation, GNC = gully without conservation. 
 
Factor  




10 m2 RCtot = 165-37.6ln (VETtot, w) 





770   to 
100 m2 
0.09  (cropland, SWC) 
0.13 (cropland no SWC) 
0.32 (grazing land, SWC) 
0.43 (grazing land, no SWC 






GC = 0.1167  
GNC = 0.055  
Etefa et al., 2017 
*Abstraction by gullies with or without conservation 
 
As the LUC maps used for this study contain mixed LUC for every pixel (Chapter 2), the 
portion of rainfall that is converted into runoff is a function of runoff coefficient and proportion 
of a LUC class at pixel scale. Based on this logic, rainfall partitioning was calculated 
successively for the different factors that influence runoff. The proportions of LUC were taken 
into account to calculate runoff for each pixel. For woody vegetation (forest and shrub), we 
considered that the vegetation of Geba catchment is characterized by open exclosure, forest 
and woodland (chapter 2). The dominant canopy cover of these vegetation type is assumed 
40% – 65% whose average runoff coefficient is 11% (Descheemaeker et al., 2006). Runoff 
from vegetation was calculated as:.  
Q1 = P x RCveg x Vp               (1) 
Where Q1 = runoff depth for areas with woody vegetation, P = precipitation, RCveg = 
runoff coefficient for woody vegetation (%), Vp = vegetation proportion; precipitation and 






Table 6.3 Characteristics of sub-catchments of Geba basin for which discharge was monitored. Seasonal rainfall (Ps), seasonal 
discharge volume (Qs), runoff coefficient (RC). LT include UT; UG includes Su, Au, Ge, Il catchment and MG 
includes UG, My and En catchments (after Amanuel et al., 2013). RD = reservoir drainage area. See Figure 6.1 for 


























2004-07 2004-07 2014 1935 2014 1935 2014 1935 2014 1935 2004-07 
Su 969 373 47 13 40 37 39 55 3 4 18 4 9 
Ag 692 447 37 12 45 51 38 43 4 4 13 2 18 
Ge 733 441 39 12 34 40 42 49 4 4 20 7 74 
Il 341 387 18 14 20 36 43 53 8 3 29 8 51 
LT 216 561 28 23 32 63 31 26 7 2 30 9 0 
My 652 471 28 9 33 48 52 41 3 3 12 8 63 
En 121 362 4 10 35 55 49 38 4 2 12 5 0 
UT 130 580 14 18 35 68 31 24 5 2 29 6 2 
UG 2957 439 143 11 36 43 41 47 5 4 18 6 152 
MG 4592 481 177 8 35 49 47 42 4 3 13 6 215 




Another partitioning of rainfall into runoff and abstraction occurred on cropland and grazing 
land with or without SWC. Taye et al. (2013) reported different runoff coefficient for these 
land uses with different types of SWC structures (stone bund, stone bund with trench and 
trench) in which the density used in their experiment on cropland ranges from 50 km km-2 at 
level areas to 76 km km-2 at steeper slope gradients, with an average density of 63 km km-2 
and on grazing land they used an average stone bund density 81 km km-2 . But the density of 
stone bunds counted in our study area ranges from 4 km km-2 to 42 km km-2 with average 
density of 20 km km-2 (chapter 3), which means 1/3 on cropland and 1/4 on grazing land as 
compared to Taye et al. (2013) .  Hence, to fit to the real situation of the study area the runoff 
coefficients reported by Taye et al. (2013) for cropland and grazing land with stone bunds, 
were interpolated between the coefficients measured on control plots and those measured for 
SWC structures (for the details of the calculation see appendix A5-1). Taye et al. (2013) 
reported a runoff coefficient of 0.09 for cropland with stone bund and 0.13 without stone bund. 
Similarly, they have reported runoff coefficient of 0.32 for grazing land with stone bunds and 
0.43 without stone bunds (Table 6.2). The implementation of stone bunds in all cropland and 
grazing land is assumed based on the analysis of SWC density (chapter 3) that stone bunds 
were observed in all observed Google Earth images.  
Based on this information runoff generated by cropland with SWC was calculated as: 
 Q2 = P x RCcrop x Cp               (2) 
Where, Q2 = runoff from cropland, RCcrop = runoff coefficient of cropland, Cp = cropland 
proportion 
The partitioning of rainfall on grazing land was also calculated using a runoff coefficient 
interpolated based on Taye et al. (2013) runoff coefficient on grazing land with and without 
stone bunds: 
Q3 = P x RCg x Gp                (3) 
Where, Q3 = runoff on grazing land, RCg = runoff coefficient of grazing land, Gp = grazing 
land proportion. 
Furthermore, to incorporate the discharge from bare land, degraded areas and built-up areas, 
a runoff coefficient of 0.8 was assumed. 
Q4 = P x RCbb x BBp                      (3) 
Where, Q4 = runoff from bare land and built-up land, RCbb = runoff coefficient for bare 
and built-up, BBp = Bare and built-up land proportion. 
 
The total runoff from these four land use classes is: 
Q5 = Q1 + Q2 + Q3 + Q4               (4) 
The abstraction of runoff in gullies through infiltration was also considered in the 
calculation of overall runoff coefficients of a pixel. Etefa et al. (2017) have analyzed the effect 
of gullies with SWC (stabilized) and without SWC (active) on runoff abstraction (see the paper 
 
for the detail) which was used to developed infiltration coefficient values for gullies with and 
without conservation. Average runoff volumes abstracted by gullies with conservation and 
without conservation were calculated using the average percentage of runoff reduced between 
the upper and lower section of gully reaches which then normalized for the same amount of 
water drainage in gullies. According to Etefa et al.(2017), 11.66% of 187 m3 runoff volume is 
abstracted in 50 m length of gully reach with soil and water conservation while 5% of 311.5 
m3 runoff of volume is infiltrated in untreated gullies. These infiltration rates are only based 
on the effect of SWC. This means that an average runoff volume of 21.8 m3 in gullies with soil 
and water conservation and 15.57 m3 in untreated gully is abstracted in 50 m gully reach. If 
the amount of water infiltrated in untreated gully is normalized on the basis of the average 
runoff volume at the upper section of treated gully reach, it results in the average infiltration 
rate of 9.35 m3. Hence, using 21.8 m3 of runoff abstracted in treated and 9.35 m3 in untreated 
gullies per 50 m, we calculated a coefficient of runoff in gullies with and without SWC which 
then applied to calculate the total runoff volume abstracted by a given density of runoff as 
follow: The detail calculation is given in appendix A5-2. 
 
Igc =  436 (m3) x gully density (km) x runoff of events                          (6) 
Where Igc = Infiltration in gully with conservation at pixel scale 
 
 Ig = 187 (m3) x gully density (km) x runoff of events           (7) 
Where Ig = Infiltration in gully without conservation at pixel scale 
 
Uncertainty in the calculation of these coefficients and their application at the wide range 
of the Geba catchment is anticipated as the average infiltration rates were based on few gullies. 
Etefa et al. (2017) analyzed the infiltration coefficients in gully reaches based on SWC and 
lithology despite the fact that other factors in a gully and upstream of a gully (e.g. soil 
characteristics, slope gradient, gully length, gully width, gully age, LUC and size of 
contributing area, depth and intensity of rainfall, etc) can also determine infiltration rate in 
gullies. At a large scale, apparently it is difficult to know the degree of variation in gully reach 
and upstream catchment to estimate an accurate runoff draining to the gullies and infiltration 
rates in the gullies.  
Moreover, abstraction of runoff by water harvesting micro-dams (reservoir) was also 
considered as a significant number of reservoirs was constructed in the Geba catchment since 
1998 (Awulachew et al., 2007). The drainage area of these reservoirs ranges from about 0.72 
km2 to 33 km2 which yield less annual runoff than the volume of the reservoirs. The situation 
of the reservoirs during their early years after construction is assumed to be the same to the 
situation in 2004-07 (no important sediment fill). Hence, as runoff from reservoir drainage 
area is negligible or zero (Rreservoir = 0), areas equal to the total drainage areas of reservoirs 




Finally, runoff discharge at river outlet of each sub-catchment is calculated by water 
abstracted in gullies and reservoir from the runoff vegetation, cropland with SWC, grazing 
land with SWC and from bare land and built-up areas. 
Qe = Q5 – Igc – Ig                  (6) 
6.2.3 Data analysis  
All input data were processed in raster form with 1.5 km x 1.5 km pixel size, rescaled from the 
30 m resolution of DEM-SRTM of the study catchment, which approximately corresponding 
to the scale of LUC data (4.6 km2). Runoff from by different LUC with or without SWC was 
calculated at this pixel size based on the fractional area of each LUC and conservation per 
pixel. 
Total runoff volumes were calculated for ten catchments of the Geba basin for which river 
discharge data were available (Table 6.3). Runoff coefficients were used in order to calculate 
runoff response to the different situations of the catchment at different times:  
RC = (SR/P) x % 
Where RC, SR and P represent runoff coefficient, seasonal runoff and seasonal 
precipitation, respectively.  
RC at catchment scale were compared by using the Kruskal Wallis test. Simple linear 
regression technique of predicted vs observed was applied to evaluate the model developed 
(Pineiro et al., 2008). The creation of raster data, calculation of all runoff at pixel scale and 
extraction to sub-catchment were done in ArcGIS environment. 
6.3 Results 
6.3.1 Rainfall – runoff partitioning at pixel and catchment scale  
Different parameters used for the simulation of runoff from different LUC and SWC were 
calculated from existing databases (Table 6.4). It should be noted that the interpolation of the 
runoff coefficients are not error free as in some cases assumptions were made. Due to this, the 
runoff coefficients of different sub-catchments can be affected (overestimated or 
underestimated). For example, runoff coefficients for vegetation remains constant throughout 
all predictions due to the lack of baseline data concerning its ground cover (density). Regarding 
runoff coefficient of bare and built-up areas, there is no measurement we used as a basis to 
 
estimate RC on these land use/cover. But based on our experience that there is no or very few 
SWC practices on bare and built-up area are existing to abstract large runoff, we assumed 
about 75% of rainfall can be converted to runoff on bare and built-up areas.    . Precipitation 
values for 2004-07 (Amanuel et al., 2013) are used in all simulations.  
 
Table 6.4 Parameters used in the Geba runoff simulation. RCveg = runoff coefficient from 
vegetation, RCcrop = runoff coefficient from cropland, RCg = runoff coefficient 
from grazing land, RCbb = runoff coefficient from bare and built-up areas; RD 

















2004-07 0.11 0.1167 0.40 0.75 20 66 217 




0.11 0.13 0.43 0.75 20 0 0 
 
The results of this study show that different LUC and SWC have generated different depths 
of runoff at pixel scale (1.5 km x 1.5 km pixel) (Figure 6.2). The partitioning of rainfall to 
different losses was analyzed in ten sub catchments of the Geba basin (Figure 6.2 and Table 
6.5). Kruskal-Wallis test showed that there is significant differences (P < 0.001, α = 0.05) in 
the depth of runoff on different LUC at the pixel scale. In all catchments larger runoff was 
predicted on bare and builtup lands (62.7 (±28.3) mm) while the least runoff was predicted on 
grazing land (10 (±5.7) mm). Rank comparisons indicate significant difference between bare 
land and vegetation, grassland and bare land and cropland and grassland. The comparison of 
catchments show that highest runoff was simulated at Lower Tankwa (176 mm) followed by 
Upper Tankwa (168 mm) catchment while Endaselassie catchment generated lower runoff (73 
mm) at pixel scale (Figure 6.2). The maps of spatial distribution of runoff from LUC and runoff 
abstraction by gullies (Figure 6.3) also allow the comparison of depth of runoff generation 
























Figure 6.3 Spatial distribution of runoff generation by different land use/cover in 2004-07, 
a) runoff from vegetated area, b) runoff from cropland, c) runoff from grazing 
land, d) runoff from bare and built-up areas, e) abstraction in gullies without 




Table 6.5 Predicted runoff volume on different LUC in ten sub catchments of Geba basin in 2004-07. Runoff after abstraction by: 
vegetation (Q1), cropland (Q2), grazing land (Q3) and bare and builtu-up area (Q4); abstraction by gully: with 
conservation (IGC), without conservation (IGNC); total runoff discharge (Q). LT include UT; UG include Su, Ag, Ge, Il 





















Q1 Q2 Q3 Q4 IGC IGNC 
RC % 
Su 969 960 373 15.76 16.30 4.30 48.34 22.74 5.02 56.93 15.9 
Ag 692 674 447 14.91 13.36 4.82 29.37 17.37 3.84 41.26 13.7 
Ge 733 659 441 10.87 14.24 5.81 41.41 17.38 3.84 51.11 17.59 
Il 341 290 387 2.72 5.63 4.04 21.88 8.11 1.79 23.42 20.86 
LT 216 216 561 4.27 4.38 4.85 24.54 5.78 1.28 30.98 25.56 
My 652 589 471 10.07 16.83 3.33 24.97 19.61 4.33 31.26 11.27 
En 121 121 362 1.69 2.50 0.70 3.94 2.28 0.50 6.06 13.82 
UT 130 128 580 2.86 2.69 2.08 13.92 3.70 0.82 17.02 23.17  
UG 2957 2805 439 45.97 55.18 23.16 154.38 79.70 17.61 199.36 16.19  
MG 4592 4377 481 73.26 102.77 31.73 184.24 163.74 36.18 242.09 11.5  






The runoff from woody vegetation (forest and shrubs), cropland with stone bund, grazing 
land with stone bund and other mixed LUC (bare land, settlement) is also presented as total 
runoff volume in each catchment (Table 6.5). Different total runoff discharges calculated in 
each catchment as Q1 (forest and shrubland), Q2 (cropland), Q3 (grazing land), Q4 (bare and 
built-up areas) and runoff volume abstracted by gullies with and without conservation based 
on their respective runoff coefficient and fractional area which eventually provided total runoff 
discharge per catchment. The prediction clearly shows that bare land and built-up area have 
generated the highest total runoff volume (208.78 x 106 m3) whereas grazing land generated 
the least runoff volume (36.58 x 106 m3) from the entire catchment (Table 6.5). Substantial 
amount of water was abstracted by gullies with check dams (34.04 x 106 m3) where as gullies 
without conservation abstracted 7.52 x 106 m3 runoff volume across all sub catchments but 
particularly in the upper Geba catchments. Hence, subtraction of the total volume of water 
abstracted in gullies with and without check dams from the runoff generated on LUC is 
important for accurate modeling of catchment hydrology.  
In addition, reservoirs constructed in Geba catchment mainly at Upper Geba sub catchments 
(Su, Ag, Ge and Il) and May Gabat (Figure 6.3) has a large capacity to store rainstorms as their 
drainage areas are large (9 km2 to 63 km2) (Table 6.3) which receive about 14 x 106 m3 seasonal 
rainfall in total. Hence, the total drainage area of the reservoirs in each catchment were 
excluded from the model before calculating the runoff generation by LUC at pixel scale.  
6.3.2 Runoff model evaluation  
Runoff discharges measured at the outlets of ten rivers in 2004 and 2007 during summer rain 
season (Amanuel et al., 2013) were used to validate our catchment hydrological model.  Simple 
linear regression of predicted vs observed (Figure 6.4) graph showed a strong similarity (R2 = 
86, P < 0.001, n = 10) between predicted runoff coefficients and observed runoff coefficient 
with the mean ratios of predicted to measured runoff coefficient of 1.33 (±0.15) which is not 
far from 1. The intercept and slope of this model are also fine. The predicted runoff coefficient 
ranges from 11 at May Gabat to 26 at Lower Tankwa with mean 16.96 (±4.86) while observed 
runoff coefficient range from 8 to 26 with mean 13 (±4.5). The ratio of predicted to observed 
runoff coefficient ranges from 8 at Middle Geba to 23 at Lower Tankwa. The results depict 
that in all catchments runoff discharges predicted are systematically overestimated as 
compared to the observed data. The RMSE of this model is 4.26, quite a large value, which is 





Figure 6.4 Predicted Vs observed runoff coefficient of the study area 2004-07 
6.3.3 Prediction back in time (1935-36) 
Based on the developed model, prediction of runoff discharge were performed back in time in 
1935-36. The prediction shows that during 1935-36 more runoff was generated by vegetation 
(25.05 mm) followed by cropland (23.92 mm) because these LUC classes occupied a larger 
area as compared to the other land uses in each catchment (Figure 6.5). In addition, in 1935-
36 less SWC (daget) (3 km km-2) was practiced on cropland Comparisons among different 
LUC show that significantly small runoff was generated on grazing land (5.95 mm) than any 
other LUC. When catchments are compared, Lower Tankwa (100.53 mm) and Upper Tankwa 
(92.57mm) were generating the largest runoff while the upper Geba catchments were 
producing lower runoff at the pixel scale (Figure 6.5). Kruskal Wallis test performed between 
1935-36 and 2004-07 showed significant temporal variation of runoff in different catchments. 
The results depicted that the proportion of rainfall converted to runoff discharge (273.06 x 106 
m3) in 2004-07 is significantly larger than the portion of rainfall changed to runoff discharge 
(129.35 x 106 m3) in 1935-36 in the Geba catchment. Average runoff coefficient (9.77 ±2.5%) 
in the 1935-36 is significantly lower than runoff coefficient (16.96±4.86%) in 2004-07 (Figure 
6.6). Over all, the rainstorm that lost as runoff to rivers is increased by more than two times at 
present time as compared to the earlier time (Table 6.5 and Table 6.6). The dispersion of the 
runoff coefficient among catchments is less in 1935-36 (SD = 2.5) than at present (SD = 4.86) 
indicating different intensity of LUC change in different catchment over the last 80 years. 
During both times, strong positive correlation between runoff coefficients and grazing, bare 























Figure 6.5 Runoff generation from different LUC at pixel scale in 1935-36. For the detail 
of catchment names see Figure 6.1. 
 
Table 6.6 Runoff discharges by different LUC in 1935-36. Runoff after abstraction by: 
vegetation (Q1), cropland (Q2), grazing land (Q3) and bare and built-up area 
(Q4); total runoff discharge (Q); Gv = gully with vegetation, Gv- = gully without 












Runoff discharge (106 m3) 
Abstraction by 





Q1 Q2 Q3 Q4 Gv Gv- 
Su 969 373 14.71 25.83 6.21 10.84 21.67 3.10 32.83 9.09 
Ag 692 447 17.36 17.30 5.32 4.64 16.49 2.36 25.77 8.33 
Ge 734 441 14.25 20.62 5.57 17.00 17.78 2.54 37.12 11.46 
Il 341 387 5.23 9.10 1.70 7.93 7.51 1.07 15.38 11.64 
LT 216 561 8.40 4.10 1.04 8.18 5.28 0.76 15.68 12.94 
My 652 471 16.22 16.37 3.96 18.43 15.59 2.23 37.16 12.10 
En 121 362 2.65 2.16 0.38 1.64 2.08 0.30 4.45 10.16 
UT 130 580 5.63 2.35 0.65 3.39 3.24 0.46 8.31 11.05 
UG 2957 439 60.84 79.33 0.22 21.86 76.82 10.98 74.43 5.73 
MG 4592 481 118.82 119.17 0.44 43.81 147.49 21.09 113.67 5.15 







6.3.4 Scenario prediction without SWC conservation intervention 
The model was also applied to simulate a scenario for the effect of current LUC without SWC 
structures (stone bund, check dams and water harvesting reservoir), “business as usual” on 
runoff generation. When conservation intervention is excluded from the prediction model, the 
runoff coefficients are increased in all catchments (Figure 6.6) with an average difference of 
about 4.22 %. In other expression, the increase of RC under scenario of no SWC range from 
13% to 45% with an average of 27% times the actual condition (Figure 6.6).  
 
The scenario prediction under “business as usual”, no SWC intervention, shows large 
increment in runoff coefficient especially on cropland and on grazing land. No change was 
observed on vegetated and bare and built-up lands as the same conditions to the actual 
condition were assumed for the simulation of no SWC scenario. Nevertheless, bare and built-
up areas remain the most important source of runoff under this scenario (Figure 6.7 and Table 
6.7). Overall, runoff volume has increased from 273.06 x 106 m3 (under actual condition) to 




Figure 6.6 Different runoff coefficients (RC%): Observed in 2004-07 (Obser04-07), 
predicted in 2004-07 in real situation (SWC intervention) (Pred04-07 (SWC), 
prediction in 2004-07 with the scenario of no SWC intervention (Pred04-07 
(NSWC) and prediction in 1935-36 under real situation. For the detail of 



















Figure 6.7 Runoff generation from different LUC at pixel scale under business as usual 
scenario in 2004-07. For the detail of catchment names see Figure 6.1. 
 
Table 6.7 Runoff prediction for the scenario of absence of physical SWC structures in 
2004-07. Runoff after abstraction by: vegetation (Q1), cropland (Q2), grazing 
land (Q3) and bare and built-up area (Q4); abstraction by gully without check 
dam (IGNC); total runoff of discharge (Q). For the detail of catchment names 











Q1  Q2  Q3 Q4 
IGNC 
(106 m3) 
Su 969 373 15.90 18.32 4.66 48.78 14.91 72.74 20.13 
Ag 692 447 15.32 15.28 5.32 30.17 11.59 54.50 17.61 
Ge 734 441 12.11 17.68 6.96 46.14 12.59 70.30 21.71 
Il 341 387 3.20 7.90 3.41 25.76 6.21 34.06 25.78 
LT 216 561 4.27 4.88 5.21 24.54 3.76 35.14 29.00 
My 652 471 11.15 20.76 3.96 27.64 14.11 49.40 16.09 
En 121 362 1.69 2.79 0.75 3.94 1.48 7.69 17.56 
UT 130 580 3.06 3.03 2.27 14.11 2.44 20.04 26.62 
UG 2957 439 51.41 70.21 24.81 175.27 54.61 267.10 20.57 
MG 4592 481 86.37 135.40 39.05 219.52 111.64 368.69 16.69 



















6.4 Discussion  
6.4.1 Rainfall – runoff partitioning under actual situation (SWC)  
The results of the present study confirm the importance of existing database for the 
establishment of rainfall-runoff conceptual model for Geba catchment. Despite the lack of 
empirical runoff coefficient data that can represent the entire Geba catchment which is 
characterized by heterogenous biophysical elements, existing database on LUC, SWC, runoff 
measurement at plot scales and river discharge are systematically used to successfully develop 
the additive rainfall-runoff partitioning model for this catchment. Application of the existing 
runoff coefficient to the entire catchment was done with the concept of hydrologically similar 
catchment (similarity as a function of proximity and as a function of similar attributes of 
catchments) (Bloschl and Sivapalan, 1995) under the condition of lack of local coefficients 
(Merz et al., 2006).  
The use of different LUC, i.e. vegetation (forest and shrubland), cropland with SWC 
(mainly stone bund), grazing land with stone bund, bare land and built-up area has resulted in 
generation of significantly different runoff. This is in line to the results of several research 
carried out on the effect of land use on runoff production (e.g. Defersha and Melesse, 2012; 
Descheemaeker et al., 2006; Maetens et al., 2012; Taye et al., 2013; Wei et al., 2007). The 
effect of vegetation cover on runoff is discussed by many researchers that low or insignificant 
runoff occurs when soil surface cover is high (greater than 65%) (Descheemaeker et al., 2006) 
and occasionally up to 90% of ground (Kosmas et al., 1997). The higher areal coverage and 
soil surface cover with vegetation in the study area could have resulted in low runoff 
generation. The effect of woody vegetation cover on the production of low runoff is explained 
by its higher interception and infiltration capacity caused by low flow velocity, high organic 
matter and high surface roughness (Bochet et al., 1998; Huber and Iroume, 2001; Morgan et 
al., 1986). Cropland is also another important factor affecting rainfall-runoff partitioning  as 
cropland without conservation produces higher runoff than vegetated land (Cosmas et al., 
1997) whereas cropland conservation structures generate lower runoff (Taye et al., 2013). In 
the present study where cropland has a high density of conservation structures (20 km km-2 
(chapter 3) high rate of infiltration is expected allowing only about 11.67% of rainfall to be 
converted to runoff. Vancampenhout et al. (2006) found high moisture availability closer to 
stone bunds as compared to locations relatively far from the stone bunds in cropland 
confirming its effect on infiltration. Valentine et al. (2008) have also reported about the 
effectiveness of different SWC in reducing runoff not only at plot scale but also at catchment 
scale. The higher fraction of aerial coverage of cropland in the Geba catchment (Table 6.3) 
with an average percentage of 42% in 2014 (chapter 2), combined with massive SWC 
 
structures have resulted in lower runoff production in each sub catchment of the Geba basin. 
Although the overall fraction of grazing land, bare and built-up area is smaller than vegetation 
and cropland, they have produced significantly higher runoff per catchment as compared to 
vegetation and cropland. Overall, 57% of all runoff comes from grazing land, bare land and 
built-up areas that makes only circa 24 percent of the basin. This is in line with several research 
reports (e.g. Defersha and Melesse, 2012; Descheemaeker et al., 2006; Taye et al., 2013). The 
higher runoff from non-vegetated and cropland can be explained by low vegetation cover of 
the ground that allow interception and infiltration of runoff. The different magnitude of runoff 
generation from different land use and catchment is worthwhile in identifying the hotspot areas 
where immediate conservation or runoff control is required. Beside the effect of LUC, the 
measurement of effect of gullies with and without check dam on runoff reduction showed that 
large volume of discharge was abstracted by gullies especially in the conserved gullies which 
implies the importance of taking into account of gullies for water budget prediction model 
development. Construction of check dam in gullies reduces runoff by increasing infiltration 
rate of water in gullies as it obstacles the flows which decrease velocity and increase retention 
time of water (Etefa et al., 2017; Hassalni et al., 2009; Polyakov et al., 2014).  
The summarized result of infiltration excess of rainfall on different LUC and subtraction of 
abstracted runoff in gullies with and without check dams at catchment scale represent the 
output of the conceptual model developed in the present study. Regression of runoff coefficient 
showed strong agreement between the predicted and observed runoff in the Geba catchment. 
This implies the usefulness of this model to apply for prediction of seasonal runoff generation 
in similar environment, semi-arid mountainous catchment. The good fit of this model also 
allows to strengthen confidence in the empirically obtained data on efficiency of biological 
and physical SWC during intense field campaigns (Descheemaeker et al., 2006; Taye et al., 
2013; Etefa et al., 2017). However, the RMSE (4.26) of this model indicates the overestimation 
of runoff hence describing the model uncertainity in the prediction of runoff. Different 
explanations can be given for the larger error of this model.It is important to note that this 
model is developed to simulate runoff at pixel scale and the summation of pixel values is 
assumed as total runoff discharge at the outlet of a basin without taking into account the effect 
of routing, hence transmission loss of water on the way to the outlet of the rivers was ignored. 
Another reason for the overestimation of runoff can be linked to the errors of databases used 
for the development of the model. The point count and mapping errors of LUC and the 
interpolation of runoff coefficients in which assumptions were used in some cases could have 
affected the uncertainity of the model. For example, runoff coefficient of bare and built-up 
area were assumed as there was no measured data available to interpolate runoff coefficient 
for these LUC and we have probably exaggrated this coefficient. The biased estimation of 
runoff can be also associated with the error of observed data that in some runoff monitoring 
stations (e.g. Upper Tankwa and Middle Geba) there was gap of recording due to the destroy 




made to fill the gap in which large errors introduced that  might have transfered to our model. 
Moreover, although LUC and SWC are believed to be the most important factor to determine 
runoff coefficient, other elements such as lithology, soil type, slope gradient, rainfall intensity 
might have affected the model accuracy. Given all these problems for the uncertainity of the 
model, the small values for the intercept and slope of the model equation show the validity of 
the model. The ratio of predicted to observed which is greater than 1 in all catchment and the 
intercept of predicted vs observed regression (Figure 6.4) indicate that rescaling (routing) can 
be applied to the predicted runoff data.  
6.4.2 Scenario: prediction under actual situation (1935-36) and without 
SWC (2004-07) 
The prediction of rainfall-runoff partitioning in 1935-36 (past time) resulted in lower runoff 
coefficient as compared to 2004-07 (current time). This is not surprising as the large fraction 
(over 50%) of the catchment were covered with vegetation (forest and shrub) in 1935-36 
(chapter 2). LUC change is the most important process that determines catchment hydrology 
by affecting major hydrological components such as infiltration and runoff (Canton et al., 
2011; Martínez-Murillo et al., 2011). The higher total runoff from vegetation and cropland in 
each catchment in 1935-36 is linked to their proportion during past time. Grazing land, bare 
and built-up area in total constituted about 10% of the land areal coverage in 1935-36 (chapter 
2). The increased runoff production in 2004-06 as compared to 1935-36 indicate the significant 
change of LUC over the last 80 years especially deforestation and expansion of grazing land 
with sparse vegetation, bare land and built-up areas. 
The prediction of runoff under a scenario of absence of SWC in 2004-07 has resulted in 
higher runoff generation (RC = 21.18%) as compared to the actual condition (with SWC) (RC 
= 16.96%) in the same years. The increase of runoff coefficient for scenario prediction ranges 
from 13% to 45% per catchment with an average increase of 27%. The effect of vegetation on 
runoff generation in the “business as usual scenario” could be underestimated as we did not 
have (low) vegetation cover under the scenario of “business as usual”. Previous studies have 
evaluated that the aerial coverage of vegetation especially shrubland has been increased in the 
Tigray region through the implementation of exclosures to restore degraded land (Aerts et al., 
2002; Descheemaeker et al., 2006; Mekuria and Aynekulu, 2011). 
 
6.5 Conclusion  
The existing database on the effect of LUC and SWC in our study area is very useful for the 
development of catchment water budget model. Understanding of the actual situations of the 
study area is required for interpolation of existing runoff coefficients. Different LUC are found 
to affect rainfall-runoff model as they have variable capacity of abstracting rainstorm falling 
on a catchment. The degree ground surface cover and proportion of area covered with 
vegetation account larger fraction of infiltration of rainwater in a catchment. The effect of 
cropland on the rate of production of runoff is pronounced when combined with SWC 
structures. Despite small areal coverage by grazing land, bare and built-up area the rate of 
runoff generated is very high as compared to vegetation and cropland uses particularly in 2004-
07. 
The conceptual model of catchment hydrology developed to predict runoff at both pixel (1.5 
x 1.5 km) and catchment scale is evaluated by using regression technique in which the 
predicted runoff coefficients showed an agreement with the observed runoff coefficients (R2 = 
86, P<0.001).  The RMSE of the model, however, shows large uncertainty of the model that 
the prediction of runoff result in about 30% overestimation of the observed runoff coefficient 
which can be explained by data sources, interpolation errors and assumptions made during 
estimation of runoff coefficients (e.g. bare land and built-up area coefficient, coefficient for 
runoff abstraction in gullies). All runoff coefficients of predicted runoff are higher than runoff 
coefficient of observed which can be used to determine routing of runoff at the outlet of the 
sub basins. Application of the model to simulate water budget in 1935-36 during large 
proportion of land was covered by vegetation resulted in significantly small runoff coefficient 
in all catchments of the Geba basin. The “business as usual” scenario prediction, absence of 
SWC and water harvesting reservoirs, showed 27%  increase of runoff when compared to the 
actual situation prediction in 2004-07.  The model is worthy for different programs carried out 
in the catchments specifically activities that take into account the potential volume of runoff 
discharges generated from the catchment with different LUC combined with SWC structures.  
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 7 General discussion and conclusion  
  
 
7.1 Land use, cover and management in historical times 
(before 1936)  
Data on the history of land use (the attributes of part of the Earth's land surface and immediate 
subsurface) and land cover (the purposes for which humans exploit the land) (Turner et al., 
1993) are rarely available for Ethiopia (Pankhurst 1995; Woien 1995).  There is no evidence 
when and in what quantity the land use/cover types have occurred in Ethiopia in earlier times. 
It is very common to encounter in literature that about 40% of the land was forested at the turn 
of the 20th century (e.g. Bishaw, 2001; Bariso, 1995; Tadesse et al., 2014). Some authors argue 
that this figure is only a speculation and not substantiated with evidence, except for the verbal 
circulation of the original information (McCann, 1997; Pankhurst 1995; Woien 1995).  Even 
Ethiopian officials (Ethiopian Relief and Rehabilitation Commission) have presented that the 
forest cover was 44 % in 1885, 16% in 1950 and only 4% in 1985 to argue that the deforestation 
was a cause for the occurrence of drought and famine in 1985 (McCann, 1997). The 
overestimation was due to a lack of systematic survey data at that time (McCann, 1997). The 
reconstruction of the environmental history in northern Ethiopia for the period of the Holocene 
indicated that most part of highlands were alleged to be forested (Bard, 2000; DiBlasi, 1997; 
Nyssen et al., 2004; Pankhurst, 1990). However, the extent of the vegetation cover and 
distribution in the region remains unknown as almost no systematic survey on the vegetation 
history had been done (DiBlasi, 1997). The rediscovery of Italian aerial photographs (1930s -
1940s) by Nyssen et al. (2016) is found very useful to carryout evidence-based research on the 
history of land use/cover for the past 80 years. This allows stretching back by at least 30 years 
as compared to the previous studies on land use/cover using aerial photographs which start 
from 1965 in the region (e.g. Alemayehu et al., 2009; de Mûelenaere, 2014; Munro et al., 2008; 
Teka et al., 2013).  
In the present study carried out in the Geba catchment , in northern Ethiopia, based on the 
analysis of the 1935-36 aerial photography, only about 6% of forest cover was observed during 
the second quarter of the 20th century. In the fractional map of forest distribution, a relatively 
high forest cover was found along Atsbi Horst, south of Mekelle, aroud Abi Adi and around 
Hawzen (Figure 1.1). The total vegetation (forest, shrub, woodland, bushes) cover of the study 
area was more than 55% in 1935-36. Although the density of the vegetation was not directly 
measured, it is estimated to be at least 50% ground cover, based on the methodology used to 
count land use/cover types (Chapter 1, section 1.2.2). Nyssen et al. (2009, 2014) reported that 
the landscapes in the southern part of the Tigray region were already without vegetation, except 
the scattered trees in the landscapes, in the second half of the 19th century and the second 
quarter of the 20th century. The divergence of our results from the previous studies can be 




dominance of woody vegetation cover followed by cropland in 1868 – 1941 in southern Tigray 
which is similar to our results. The prevalence of cropland across landscapes in northern 
Ethiopia is reported in all studies of environmental history which is cited as the main course 
of land degradation (Bard, 2000; Hurni, 1988; Nyssen et al., 2004). It is apparent that 
agriculture was the sole economic source in past times, particularly in Africa which makes 
agriculture the most important driving force of land degradation (Lambin et al., 1997, 2001; 
Goldewijk, 2001). It has been the mode of humans to convert and to modify the natural 
ecosystem into agricultural land over a long period of time (Ramankutty and Foley, 1999).  
The results indicate a significant impact of biophysical factors on the distribution of 
different land use/cover types. This is linked with the suitability of biophysical elements for 
land use/cover. For instance, the fraction of cropland was influenced by the slope gradient, 
elevation and soil suitability types (see Chapter 2).  
Many indigenous people - particularly in Africa and Asia - have a complex and very old 
commitment of the ecological maintenance through their traditional practices (Alcorn, 1993). 
In northern Ethiopia, native forests have been maintained by the longstanding tradition of 
conserving sacred forests, particularly church forest, for many centuries (Aerts et al., 2016). In 
this region, there has also been a tradition of soil and water conservation (lynchet), practiced 
by local people mainly in their cropland (Nyssen et al., 2000). Lynchet - locally named as 
daget - is a bed of grass strip left uncultivated between farm plots and used as a limit of the 
farm but also used as soil erosion control. In this study (Chapter 2), lynchets having density an 
average of 3 km km-2 was measured in 1935-36 spatially distributed over the study area 
depending on the density of the cropland. The stabilized gully condition in the 19th and early 
20th century (Frankl et al., 2013) and also found in this study (Chapter 2) could be linked to 
the indigenous soil and water conservation practices in the region and to the presence of a 
relatively good vegetation cover.  
7.2 Land degradation from the late 1930s to the 1990s 
Land use/cover change and degradation has a long history in Ethiopia particularly in its 
northern part (Bard, 2000; Frankl et al., 2011; Meire et al., 2013; Nyssen et al., 2004, 2009, 
2015). Although the land degradation is extensive in Ethiopia, the degradation - including 
deforestation and erosion - is pervasive particularly in the northern and central highlands of 
Ethiopia (Getahun 1988; Hurni, 1990); due to this reason the semi-natural vegetation of the 
northern Ethiopian highlands are covered with wooded grasslands at present (Friis, 1992). 
 
Land degradation in northern Ethiopia from the 1940s to 1990s has been directly linked to 
the national and regional political instability, social and policy change and climate as well. The 
war by the Italians in the 1930s, famines, drought and civil war (1974 – 1991) (Lanckriet et al. 
2015) were among the major shocks that took place in the region that led to land degradation 
culminating in the second half of the 20th century (Nyssen et al., 2014). The land tenure system 
during feudal times (till 1974) assuring which landholding only belongs to a small group 
(Cohen 1974), can be one major cause of land degradation as soil and water conservation were 
not a part of the system (Teka et al., 2013). According to Nyssen et al. (2015), land mangement 
was at its optimal level in northern Ethiopia (only until 1940s).  
Although land degradation was prevalent over the last century there are several research 
studies which prove that the most severs land degradation has occurred from the mid-20th 
century to the 1980s. There is a strong agreement between many land use/cover studies in the 
region that the clearance rate clearance of vegetation was very high (Munro et al., 2008; de 
Muelenaere et al., 2012; Teka et al., 2013; Alemanyehu et al., 2009). Even the remnant native 
forests and the trees observed in landscapes in the beginning of the 20th  century had been 
removed after the 1940s (Nyssen et al., 2014). The fraction of grassland and bare lands 
increased and the shrubland decreased from 1965 to the 1980s (Teka et al., 2013). Frankl et al. 
(2013) documented gullies were less active and had low densities in the 1960s as compared to 
the 1980s and 1990s, which indicates the progressive land degradation due to the clearance of 
remnant vegetation and the absence of soil and water conservation particularly until the 1980s. 
7.3 Runoff and geomorphological response to the clearing of 
vegetation  
Land degradation already occurred in northern Ethiopia during the first half of the 20th century 
(Nyssen et al., 2009, 2015; Meire et al., 2013), which implies that the environmental 
deterioration in the region began with the evolution of agriculture in earlier times (Holocene) 
(Bard, 2000; Nyssen et al., 2004). The presence of gullies was identified in the region in 1868, 
which indicates the occurrence of rapid runoff response (Nyssen et al., 2009; Frankl et al., 
2011). The removal of vegetation - especially from slopes - could be the possible reason for 
the development of gullies (Nyssen et al., 2009; Frankl et al., 2011, 2013). Vegetation is very 
important to land use to determine the initiation and development of gullies especially in semi-
arid areas (Gutiérrez et al., 2009; Poesen et al., 2003). The result of our study on gully 
occurrence in northern Ethiopia (Chapter 2) in 1935-36, with  an average density of 1.14 km 




their channels and banks as it was also reported by Frankl et al. (2013). The conservation of 
vegetation in gullies in 1935-36 could entail that the trees in gullies were not the most preferred 
ones to cut. Another reason could be associated to the good vegetation cover in the catchment 
of gullies ; in this study (Chapter 1), it is documented that the fraction of woody vegetation 
cover constitutes about 55 % in the study area in 1935-36. A catchment with a dense vegetation 
cover produces little runoff (Descheemaeker et al., 2006; Zhang et al.,2004) so that the impact 
of flash floods in the downstream is minimized or negligible.  
7.4 Current land use/cover and soil and water conservation  
Northern Ethiopia has been under the transformation of an environment recovery since the 
1980s and particularly 1990s extensive soil and water conservation was implemented in the 
region (Hagos, 1999). In the present, during the assessment and mapping of soil and water 
conservation (Chapter 2), an average stone bund density of 20 km km-2 has been measured in 
the study area, which has a positive association with cropland. Currently, the environment of 
northern Ethiopia has shown significant changes compared to times before three decades, 
despite backlogs in the in the implementation of the programme (Keeley and Ian Scoones, 
2000). The physical and biological soil and water conservation brings about many positive 
environmental changes, such as the stabilization of gullies and river banks, the reduction of 
soil erosion, the increase of infiltration and soil moisture, the decrease in the runoff and 
sediment transport (Alemayehu et al., 2009; Descheemaeker et al., 2006; Nyssen et al., 2009; 
Frankl et al., 2013; Desta et al., 2005; Munro et al., 2008). Virtually, all these studies indicate 
a rise in vegetation cover in recent times, for the first time in the last half century, which is 
mainly due to the establishment of exclosures on degraded communal lands. In our study, the 
present vegetation cover is still lower than the fraction of vegetation before 80 years although 
the share of the total woody vegetation (forest, shrub, woodland) cover (ca. 40%) is dominant 
in the study area. Cropland contributes the greater share (42%) of land use/cover of the study 
area in the present with a small increase compared to 1935-36. Alemayehu et al. (2009) and 
Teka et al. (2013) reported a larger cropland share in the 1980s as compared to the present and 
the 1960s. There is an inconsistency in reporting the proportion of bare land in northern 
Ethiopia: partial studies indicate a decrease (Teka et al, 2013), or an increase (Alemayehu et 
al., 2009). The latter matches with our result. Moreover, in the present study, an increase of 
water body and built-up areas is in line with to other reports (Alemayehu et al., 2009; Teka et 
al., 2013). The driving forces for the distribution of land use/cover variablity were rarely 
measured in previous studies. In the present study, the effect of different factors - including 
 
topography, climate, lithology, socio-economic factors (specifically proximity factors: road, 
town, population density) on the distribution of land use/cover - were analyzed, in which 
different associations were obtained (see Chapter 1).  
A quantification of the status of gully erosion at present shows a mechanical stabilization 
(check dams), yet the density of gullies was higher compared to the 1960s to the1980s (Frankl 
et al., 2013). Similar results have been obtained in the present study: the density of gullies is 
currently larger than the density in 1935-36. During both periods, the gullies were stabilized, 
i.e. with vegetation (1935-36) and with check dams and vegetation (2014) (Chapter 2). The 
distribution of gullies is associated with topography (slope gradient) as was also reported by 
Frankl et al. (2013). This is an evidence for the prevalence of severe land degradation in 
northern Ethiopia, when the vegetation on the slopes had vanished.  
The other way round , exclosures do not only play a role so as to intercept rainfall and allow 
its infiltration, but our experiments also show that - if carefully managed  spate irrigation can 
be practiced, in which the runoff from gullies is diverted into exclosures. This has the 
additional advantage that less runoff will be present in the downstream sections of the gully, 
giving them an opportunity for healing. 
7.5 Runoff response to 80 years of catchment changes  
In hydrology, a water budget is described as the volume of water flowing in (precipitation, 
groundwater flow) and flowing out (runoff, discharge, evapotranspiration, infiltration) of a 
system (Bras, 1989). Due to the heterogeneity of catchments, it is difficult to generalize the 
streamflow response based on the result of individual catchments (McDonnell et al., 2007) 
besides its intrinsic lithological and geomorphic characteristics, land use/cover, catchment 
management and soil and water conservation are the main factors affecting different 
hydrological processes. Several researchers have assessed the response of hydrological 
processes to land use/cover and soil and water conservation that showed a significant alteration 
in hydrological processes (Bosch and Hawlett, 1982; Descheemaeker et al., 2006; Legesse et 





Figure 7.1 Conceptual model of runoff response (RC%) of the study area through time 
under changing SWC conditions. The start and two final points of the curve are 
the findings of this study. The scenario without SWC and the modeled RC% of 
1935-36 were used to represent a ‘business-as-usual’ trend. Starting from the 
1990s, this trend has been curbed to reach the actual situation. Note that the 
scenario without SWC is probably an underestimation as it took only into 
account the absence of physical SWC implementation, but could not consider 
the biological SWC. 
 
 
Figure 7.2 A river near Mekelle in November 193. In this, and several other terrestrial 
photos taken in the 1930s in the dry season, substantial baseflow is conspicuous. 
 
Strong baseflow at that time of the year is in line with storm runoff that is much 
lower than nowadays, as indicated by the conceptual model (Fig. 7.1) © Istituto 
Luce Cinecittà. 
 
In this study, the runoff after abstraction by the various land use/cover classes was 
determined for ten catchments in which a high runoff generation (57%) was observed on 
grazing land, bare land and built-up area which together make up about 24% of the Geba 
catchment. The effects of gully management on the runoff reduction in gullies was analyzed 
(Chapter 3), in which gullies with check dams and vegetation were abstract a substantial 
amount of the runoff volume (8% - 18%)_ while gullies without conservation can abstract only 
5% - 6% (measured over 50 m gully reaches).  
Based on the developed databases on land use/cover and soil and water conservation as well 
as the existing data on runoff and river discharge, a simple conceptual catchment on seasonal 
runoff response was produced (Figure 6.1). The rainfall - runoff partitioning at pixel scale on 
the different land use/cover classes and SWC interception were summed to obtain a catchment 
runoff discharge which was then compared with the measured seasonal river discharge. A 
strong agreement between this predicted and the observed runoff (R2 = 0.86, P < 0.001, n = 
10) denotes the strength of our model in order to predict the seasonal runoff of a catchment. 
Based on this result, predictions of hydrology under real conditions in the 1930s and the 
scenario in 2004-07 (assuming no conservation) were done to create the conceptual model 
(Figure 6.1). The result indicates that the storm runoff generation was significantly smaller in 
1935-36 as compared to the runoff in 2004-07 that leads to observed change in baseflow 
(Figure 7.2). The model also indicates that the runoff coefficient increases with time under the 
absence of soil and water conservation intervention which results in a significantly higher 
runoff when compared to the discharge in actual condition. Thanks to the implementation of 
SWC in the region, a reduction of runoff response occurs. Based on the results of this study, 
the stone bund practice which has been widely implemented on cropland, is suggested to be 
also constructed on bare land. Moreover, water harvesting from different impervious surfaces 
(rock outcrops, built-up area) could have multiple advantages (reduce of soil erosion and land 




7.6 Scope for controlling the runoff response in other 
degraded mountainous regions  
The study area, the Geba catchment, has diversified bio-physical elements (climate, 
topography, soil, lithology and land use/cover). These elements make it representative for 
northern Ethiopia but also for other semi-arid and mountainous regions. These natural elements 
and the extensive soil and water conservation implemented in the catchment were found to be 
excellent explanatory factors for a conceptual ranfall-runoff modeling. The used large datasets 
and the extensive field works done during the entire research period strengthen the validity of 
this conceptual model to be replicated in semi-arid and mountainous environment with 
different conditions (e.g. soil and water conservation practices). 
7.7 General conclusion  
The understanding of the biophysical history of a catchment and its impact on runoff response 
is very important for the catchment’s present and future management and for the operation of 
different activities in the catchment. Although many reports on land use, degradation, 
management and hydrology are existing in Ethiopia, particularly in northern Ethiopia, long 
term studies are rare. This study aimed at the assessment of the effects of different land 
use/cover shares, soil and water conservation practices on the hydrology of the Geba catchment 
over the last 80 years (1935-2014). 
In order to achieve the objective of the quantification of land use/cover of the Geba 
catchment from 1935 to 2014, aerial photographs (AP) which had been taken in the 1930s by 
the Italian Military and Google Earth images (GE) of 2014 were utilized. Seven land use/cover 
types (cropland, shrubland, forest, grazing land, bare land, settlement and water body) were 
counted on both the AP and GE images, then analyzed and mapped. The results showed 
significant changes in the percent cover and LUC spatial shifts during the last eighty years. 
Cropland showed an approximately constant areal cover over 80 years, from 39% in the 1930s 
to 42% in 2014. The spatial area shifted however at the expense of the other observed LUC 
classes. The woody vegetation proportion has undergone a significant change. Shrubland 
reduced significantly from 48% in the 1930s to 37% in 2014. During the last 80 years, 
deforestation has continued to drop the forest cover from about 6.3% through an absolute 
minimum in the 1970s – 1980s  to less than 2.3%. The built-up area, grassland and bare land 
 
increased during this period. Slope gradient is important in order to determine the LUC 
distribution, which has a negative association with cropland and a positive with woody 
vegetation cover. Soil suitability, lithology and population density are also very important to 
influence the distribution of cropland, shrubland and forest. The fractional maps, created based 
on important explanatory factors for three main land use/cover (cropland, shrubland and 
forest), indicate a good agreement with the observed proportions.  
Another objective of this study was to assess and a map the density and the distribution of 
soil and water conservation and the gully occurrence with and interval of 80 years (Chapter 2). 
Despite the severe land degradation and implementation of soil and water conservation in 
northern Ethiopia to counteract the environmental deterioration, quantifications of gully and 
SWC densities have been rarely been done. We measured the densities of these features on 22 
aerial photographs /GE and extrapolated it to the study area. Daget (lynchet) was the traditional 
SWC practice in the study area before 80 years while stone bund is the introduced SWC, it has 
been widely implemented at present not only on cropland but also on grazing land and 
degraded shrubland. A density of 3 km km-2 of daget in the 1930s and 20 km km-2 of stone 
bund in 2014 was measured in the catchment. These densities are positively correlated with 
the occurrence of cropland. 
Gullies were observed in 91% of the observed scenes which denotes its prevalence in the 
region. The density of the gullies increased from 1.14 km km-2 in 1935-36 to 1.59 km km-2 in 
line with the continued deforestation of the catchment (Chapter 1). Nevertheless, a large 
portion of gullies was found inactive during both times: 75% in 1935-36 and 66% in 2014. In 
earlier times the gullies vegetated and at present the gullies are widely conserved through the 
construction of check dams.  
The effects of check dams on the runoff response in gullies were also quantified in this 
study (chapter 3). Variations in different discharge parameters (lag times, peak discharge, and 
runoff volume) were found within and among gully reaches with and without management 
interventions in two dominant lithologies (sandstone and limestone). Installing check dams 
increases the magnitude of the runoff volume reduction. In the present study, runoff abstraction 
was significantly larger in gullies with check dams or vegetation (8% – 18%) as compared to 
the untreated gullies (4% – 6%) within and across lithologies. The gully management with 
check dams and the subsequent sediment accumulation and vegetation growth results in a 
significant reduction of runoff in gullies by increasing the infiltration which may eventually 
lead to a groundwater recharge and an improvement of the base flow to streams and reservoirs.  
The development of the database through Chapter 1-3 and the existing data on the plot 
runoff and the monitored river discharge bring about the development of a long term water 
budget modeling for the Geba catchment. Land use/cover and soil and water conservation are 
the main factors affecting the various hydrological processes. The effects of the stone bunds 
established in cropland and grazing land had also been taken into account. Hence, the runoff 




scale data, based on the actual situation of land cover/use. The runoff generation after 
abstraction by the land under different land use/covers and the abstraction by check dams was 
determined on a pixel scale in ten catchments. The total runoff volume in each catchment was 
derived from the pixel scale rainfall-runoff partitioning as the additive values of runoff on four 
land use/cover categories and the gully abstraction.  
The rainfall-runoff partitioning additive model for each catchment was evaluated using the 
observed river discharge in which a strong similarity was observed. This model was applied in 
order to predict the hydrology of the study area 80 years ago (1935-36) and also the 
catchment’s hydrology in the scenario of the absence of soil and water conservation 
intervention in 2004-07. There is a significant difference in the runoff generation between 
1935-36 and the present with and without SWC and also between the scenario (no SWC) and 
actual condition (with SWC) in 2004-07. Although the fraction of grazing land, bare land and 
built-up area is small (24%) compared to the proportion of vegetation and cropland, 57% of 
the runoff is generated from these covers in the Geba catchment. Hence, the further 
implementation and maintenance of SWC, particularly on bare land is needed to control the 
further land degradation and the increase of soil moisture and ground water. 
7.8 Future research 
This study has analyzed the impact of LUC and SWC on runoff production in the Geba 
catchment, based on use of field measurements, interpolation and extrapolation of historical 
and current remotely sensed imagery. To understand the response of runoff to different 
conditions of the catchment, assessment and mapping of LUC and SWC were done. Important 
results are obtained with regard to LUC changes (Chapter 2), SWC implementation (Chapter 
3), runoff response to SWC (check dams) (Chapter 4), response of vegetation growth to spate 
irrigation diverted from gullies (Chapter 5) and impact of LUC and SWC on catchment 
hydrology (Chapter 6). During this study, several researchable that need further attention have 
also been identified. 
 
So far many studies were carried out on LUC in semi-arid environments including northern 
Ethiopia. The scale of most of the previous studies carried out in northern Ethiopia is limited 
relatively to a short period (mostly second half of 20th century) with some exceptions and to 
small catchments while our study was aimed at investigating LUC change over 80 years at a 
scale of the Geba catchment, northern Ethiopia. Despite large spatial and temporal scale as 
compared to most of the previous studies, our study is limited to two time points only (1935 
 
and 2014). In this study the LUC of the intervening periods was not studied due to limitations 
of time. The comparison of change between two times (1935-36 and 2014) is seemingly linear 
which may not corresponds to the actual changes between these two times. Without the 
consideration of scale variation, there is inconsistency between our findings and previous 
reports on the change of some LUC that some studies indicate the increase of shrubland, forest 
and decrease of bare land over the last three decades. In our study this was not observed as we 
could only compare the condition of 2014 with 1935-36 in which shrubland and forest were 
better in the historical time. Hence, the analysis of changes in the intermediate period could 
show the dynamic changes of LUC over the long time. This would also allow to fully 
understand the deforestation rate and to evaluate the effect of soil and water conservation in 
the region.  
As discussed in chapter 2 of this thesis, the Italian aerial photograph database which was 
recently discovered was used for the study of LUC in 1935-36. The use of these APs is also a 
challenge as they are characterized by their obliqueness except for the central photos of 
assemblage and have small overlapping areas impeding orthorectification with conventional 
photogrammetry methods. Due to this reason, point count technique was applied to assess the 
density of LUC and to create fractional maps at 1.5 km x 1.5 km scale. We would recommend 
further research activities on the use of the APs and fractional mapping of LUC.  
- As point counting is the best option to extract data from these AP due to the reasons 
mentioned, it is recommended to compare the point count technique with photogrammetry 
using the central photos of the AP sets. 
- The resolution of the fractional map of LUC is coarse as the point counting was made at 
the scale of photographs. The application of such coarse LUC map for further studies (e.g. 
extraction of LUC at small watershed) could affect the result. Hence, assessment and 
mapping of LUC at high resolution is suggested. 
 
Similar to the LUC study, the density and mapping of SWC in 1935-36 was done based on 
the Italian APs. The densities of SWC and gully were measured using transect lines since 
photogrammetry processing is difficult for the oblique photographs. In addition, digitizing of 
SWC structures and gullies is time consuming and difficult to apply at large scale (e.g. Geba 
catchment). As the orientation of SWC (stone bund) and gullies frequently changes, the 
application of transect lines could result in error if the direction of transect lines is locally not 
perpendicular to to the orientation of gullies and SWC. Hence, it is important to compare the 
result of the technique of transect line to measure linear features (gully and stone bund) with 
the result of other technique such as digitizing these features and measuring their density in a 




The effect of check dams on runoff in gullies was quantified in northern Ethiopia where 
massive SWC practices have been implemented in which interesting results were obtained. In 
this study, the effect of check dams, vegetation and lithology variation on runoff were 
evaluated. However, due to its cost and technical difficulties, only five gully reaches (10 V-
notches) were used in this study. Although gullies with and without check dams were 
replicated across lithologies, they were not replicated within the lithologies. The effect of other 
factors like soil type, gully width and length, age of gully, upstream catchment characteristics, 
rainfall, etc, were not analyzed although high variability of the factors could determine runoff 
response in gullies. In field condition, it is very difficult to control the effect of other factors 
even though some factors (e.g. slope gradient) were kept similar in all gullies. Thus, the 
response of runoff in gullies with and without check dams shall be studied for a large sample 
of gullies with varying characteristics with replications. The effect of different biophysical 
factors on runoff can be somehow controlled if the measurement is carried out before and after 
check dam implementation, but this is only appropriate to evaluate the effect of new check 
dams, unless the study is carried out over long time. Moreover, such a study demands financial 
and technical capacity to have replications and representative areas in a wide range of 
catchments. 
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 8 Appendices  
 
Appendix A1  
 
This appendix contain keys used for identification of different land use/cover on aerial 
photograph and Google Earth images. In aerial photography photo interpretation elements such 
as pattern, association, tone, etc were used to identify the classes especially to differentiate 
grazing land, bare land from cropland, and shrubland from forest. In Google Earth, LUC were 
easily identified. Only the land use/cover of the area within the small squares was tallied. The 
pair of AP and GE images do not necessarily belong to the same location. The aim is to show 
the keys used for interpretation of LUC. 
 




























































































   
Appendix A2 LUC in 1935-36 (Italian AP) and 2014 (Google Earth image) and terrestrial 
photographs. These photographs help to visually compare the condition of land use/cover in 
two time. 
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Mariam Debresina 1936-01-22 
(No. 145) 
 






   
  
 
Appendix A3 Contains climate variables which were interpolated based on the data obtained 
from meteorological stations and satelite deriven data. 
 
Figure A3-1 Maps of climate variables for the Geba catchment (A) Mean annual precipitation 
and location of meteorological stations, (B) Mean annual air temperature, (C) Mean annual 
evapotranspiration. AP: Location of Italian Aerial photo 
 
Figure A3-2 Correlation between satellite deriven Rainfall Estimate (RFE) and meteorological 





Appendix A4 Location of gully reaches from Google Earth 
 
 
Figure A4-1. Gully reaches from Google Earth. Upper = upper section, lower = lower section, 
S = gully reach in sandstone without check dam and vegetation; SCV = gully reach in 
sandstone with check dams and vegetation; L = gully reach in limestone without check dam 
and vegetation; LC = gully reach in limestone with check dams but without vegetation; and 
LCV = gully in limestone with check dams and vegetation 
 
Appendix A5 Interpolation of runoff coefficient on cropland and grazing land and 
abstraction coefficient in gully with and without conservation. 
 
Appendix A5-1 Runoff coefficient of cropland and grazing land  
Runoff coefficient of cropland and grazing land with stone bund is based on Taye et al. (2013). 
They reported runoff coefficient of 0.09 on cropland with stone bund density of 63 km km-
2and runoff coefficient of 0.13 measured on control cropland. In the Geba catchment, we 
measured stone bund density of 20 km km-2 which is 1/3 of the stone bund density used for 
0.09 runoff coefficient. Hence, we linearly interpolated runoff coefficient between 0.09 and 
0.13 as follow: 
RCcrop = (1/3 * 0.09) + (2/3 * 0.13) = 0.03 + 0.0867 = 0.1167 
Similarly, Taye et al. (2013) reported runoff coefficient of 0.32 on grazing land with stone 
bund density of 81 km km-2and runoff coefficient of 0.43 measured on control grazing land. 
The stone bund measured in our case is 20 km km-2 which is 1/4 of the stone bund density that 
resulted in 0.32 runoff coefficient. Hence, based on these data, runoff coefficient from grazing 
land with 20 km km-2 was linearly interpolated between 0.09 and 0.13 as: 
RCg = (1/4 * 0.32) + (3/4 * 0.43) = 0.08 + 0.3225 = 0.4025 
Therefore, runoff coefficients on cropland and grazing land with SWC (stone bund) in the 
Geba catchment are 0.1167 and 0.4025 respectively. 
The runoff coefficient of daget, traditional SWC in 1935-36, was also calculated. But as the 
density of daget was negligible (3km km-2) as compared to the density of stone bund (62 km 
km-2) by Taye et al. 2013, runoff coefficient for cropland in 1935-36 was assumed equal to the 
runoff coefficient of cropland without SWC, reported by Taye, which is 0.13. 
 
Appendix A5-2 Coefficient of runoff abstraction in gully 
In Etefa et al. (2017) the percentage of runoff abstracted in 50 gully reach (standardized length) 
was calculated for both treated (with check dams and vegetation) and untreated gullies. They 
have reported an average reduction of 11.6% of 187 m3 of runoff in gully with SWC and 5% 






























See Table 4.3 in Etefa et al. (2017) 
Normalized reduced volume was needed to have equal amount of water draining to gully reach 
with and without soil and water conservation. 
These normalized volumes, per 50 m gully reach, were used to calculate the abstraction of 
runoff for any given gully density with swc (Igc) and without conservation (Ig) per event as: 
Igc = (21.8/0.05 km) x Dgc = 436Dgc 
Ig = (9.35/0.05 km) xDg = 187Dg 




Etefa G, Frankl A, Zenebe A, Poesen J, Nyssen J. 2017. Effects of check dams on runoff characteristics 
along gully reaches, the case of Northern Ethiopia. Journal of Hydrology, 545: 299–309. 
Taye G, Poesen J, Wesemael BV, Vanmaercke M, Daniel Tekaa, Deckers J, Goosse T, Maetens W, 
Nyssene J, Hallet V, Nigussie Haregeweyn. 2013. Effects of land use, slope gradient, soil, 
and water conservation techniques, on runoff and soil loss in a semi-arid Northern Ethiopia.  
Physical Geography, 34(3): 236–259. 
 
